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Preface 


hope you like this story. The discoveries of Uranus, Neptune, and Pluto 
were among the first sagas 1 encountered when I began to read about 
astronomy. They stuck fast to my sense of drama and irony and I wanted 
someday to retell them, ideally with the power with which they struck me. 

Now might be an appropriate time to try. NASA's Voyager 2 spacecraft, 
having succeeded magnificently at Jupiter, Sturn, and Uranus, has just 
completed its 12-year Grand Tour of the giant outer planets by an en- 
counter with Neptune in August 1989. The great legacy of Voyager 2 data 
from Neptune has just begun to be evaluated. 

‘And although no spacecraft is planned to visit Pluto, Pluto has come 
part way to visit us. From 1979 to 1999 itis closer to the Sun than Nep- 
tune. In 1989 it was closer to us than at any other time in its 248-year 
orbit. At the same time, Pluto and its moon Charon were engaged in a 
rare frenzy of mutual eclipses. Pluto's closeness and eclipses are allow- 
ing astronomers to extract from the ninth planet more information than 
ever before possible. 

It used to be that Uranus, Neptune, and Pluto each received a vague 
paragraph in astronomy textbooks. Not much of interest. Not much was 
known. Now each is a world surrounded by worlds with unique and 
fascinating stories to tell us about their evolution and, because they have 
been less changed by the Sun, about the formation of the solar system 
itself. These geologic worlds have stories as worthy of recounting as their 
discoveries. 

‘Thus, in part, this book is a progress report—a way to know what is 
known and suspected so that we can better appreciate what is being 
discovered. 

Here is a history of long-ago events; here are modern events that are 
shaping history. 

In these pages are striking personalities and high drama; profound con- 
firmations of universal scientific laws; human arrogance and stupidity; 
intellectual courage and perseverance; triumph, humor, irony, and 
tragedy. Here are scientific discoveries as they were made and modern 
scientific research as it bounds and staggers forward with uncertainty 
and brilliance. 
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. it was that night its turn to be discovered.” 
William Herschel describing his discovery of Uranus 


^... very different from any comet I ever read any 
description of or saw." 
evil Maskelyne, Astronomer Royal, April 1781 


On March 13, 1781, amateur astronomer William Herschel discovered 
a new planet. It was completely unexpected. 

For as long as anyone could remember, for the thousands of years of 
recorded history, the solar system ended at Saturn. Mercury, Venus, Mars, 
Jupiter, Saturn, the Sun, and the Moon slowly shifted their positions 
against the background stars. That was why the Greeks had named these 
objects planētes asteres— "wandering stars." The telescope, invented early 
in the seventeenth century, showed some previously invisible features 
and moons of the known planets. But still no one suspected that planets 
lay beyond Saturn. 

‘That's why it came as such a surprise to Herschel when he saw a small 
disk in his telescope on the evening of Tuesday, March 13, 1781. The 
quality of his eyes and his instrument told him that this was not one of 
the "fixed stars." When he checked this location between the horns of 
‘Taurus and one foot of Gemini on his charts, they did not show a star. 
Four nights later, when the weather again made observations possible, 
Herschel saw that his strange object had moved slightly among the stars. 
Celestial bodies that behaved like this were discovered from time to time. 
They were called comets. So Herschel published an announcement of 
this comet, although he noted it was unusual in that it had no tail and 
showed a distinct rather than a fuzzy disk. 

So the actual discovery of this new planet wasan accident. That it hap- 
pened to Herschel was no accident at all. 


William Herschel at the 
age of 46 (1784), three 
years after his 
discovery of Uranus 
(from a crayon copy of 
an oil painting by L. T. 
Abbott in the National 
Portrait Gallery, 
London) 

Courtesy of Special Collec: 
tions, San Diego State 
University Library 
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Resourcefulness 


William Herschel was born on November 15, 1738, as Friederich Will 
Herschel in Hanover, Germany, the third surviving child of an ob 
in the Hanoverian Guards military band. Isaac, the father, saw to it} 
all four of his sons and, when his wife, Anna, wasn't looking, 
daughters not only received excellent musical training but pa 
his interest in scientific and cultural matiers as well. 

William was recognized early as a fine musician. He was admit 
an oboist and violinist to his father's band at age 14. 

1n 1756, at the onset of the Seven Years’ War, the Hanoverian 
including the band—father Isaac, older brother Jacob, and William 
them—were posted to England for about nine months. Prussia and Aus 
were the principal adversaries in this war, France allied itself with 
so Great Britain, France's worldwide rival in the quest for colonies, s 
with Prussia. 

As a French attack on Hanover became more likely, the Hano 
Guards were called home. The band was needed for combat duty: 
vide the patriotic inspiration and the disciplined beat that enco 
soldiers into battle. William was present on July 26, 1757, duri 
disastrous Battle of Hastenbeck. The Hanoverian forces were rout 
William escaped from the battlefield and rejoined his shattered unit, È 
the danger, confusion, and the long forced marches in the days ah 
convinced him that he was not cut out for army life. His father 
and arranged for his discharge from the band.’ William and his o 
brother Jacob escaped just in time. The retreating Hanoverian Gua 
were finally trapped and forced to surrender in September. For then 
two years, while they occupied Hanover, the French held the 
captive—band and all—in a military encampment. Isaac was essenti 
lost to his family for that period and never recovered his health, 

Late in 1757, William, at the age of 19, and his brother Jacob left Ge 
many for England. There William copied music while Jacob gave lesso 
and performed as opportunities permitted. Two years later, upon | 
defeat of the French, Jacob returned to a musical career in Germa 
William stayed on in England. He gave music lessons to the Dur] 
Militia band for two years and then became an itinerant musician, 
forming in concerts, teaching, and composing in the style of Haydn. 
anglicized his name to William. By 1762 he was doing so well that 
could send money home to help support his family. But this ki 
musical career was too precarious. He sought more secure employ 

Organs were just being installed in English churches, and organist-ch 
directors were needed. There was one obstacle 
the organ. He began to practice wherever possible, and then he aj 
for the post of church organist in Halifax. The competition was 
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: icant with extremely agile fingering. William decided 
pois ae spans did nok vel have pedals fis basi nokta 
on a Strate organs did. So, unseen, William placed lead weights on 
as conne, ard, thus achieving a fullness of sound that impressed 
the orga Fed the judges? William won the position, but he stayed in 
and MY ly three months. Late in 1766 he was appointed organist and 
Een for the Octagon Chapel in the resort city of Bath. Music 
cae ents flocked to him because of his skill and amiability, and he found 
Fimself giving as many as 46 lessons a week. With two fulltime jobs 
fe was now earning a good living, ——— i 

In 1767 William's father died, and his musically talented younger sister 
Caroline found herself trapped as cook, seamstress, and cleaning woman 
for her family. William tried to extricate her. In 1772 he finally persuaded 
his mother to allow his sister to return with him to England by Providing 
enough money so that his mother could hire a servant to replace Caroline, 
Caroline was forever grateful. 

‘She went from managing one household to managing another that was 
even more demanding. But now she was happy. She was studying music. 
‘Then, in 1773, William plunged into the hobby of astronomy. It began 
asan effort to improve his musicianship. To help himself understand har- 
monics, he studied mathematics. After spending 14 to 16 hours a day 
with music, he would relax at night by solving calculus problems. Math 
got him interested in optics. Optics got him interested in astronomy. He 
bought some lenses and assembled a telescope to view the heavens but 
was very disappointed. He wanted to see more and realized that a larger 
instrument would be required. But in his day, refracting telescopes were 
small because the lenses caused colored haloes to appear around every 
star? The bigger and thicker the objective lens, the worse the problem 
was. The less the lens curvature, the less the problem of chromatic aber- 
ration but the longer the telescope became. Herschel fashioned one 30 
feet in length and abandoned it as unwieldy. 

Sohe turned to reflecting telescopes. The large light-gathering lens for 
a refracting telescope has to be ground on both sides and needs a perfect 
interior as well, whereas the mirror for a reflecting telescope requires 
the polishing of only one surface. In fact, the mirror for a reflecting 
telescope need not be made of glass. Perhaps, thought Herschel, he 
himself could fashion a decent-size mirror with acceptable reflective 
qualities in order to collect more light. He experimented with metal alloys 
until he found one good enough to serve as the mirror of a reflector. His 
younger brother Alexander, a cellist, had joined him at Bath in 1766, and 
brother Jacob had returned for a visit to enjoy the musical opportunities 
that William could arrange. Alexander assisted with the new project, con- 
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observatory. 


tributing his valuable engineering skills. Caroline also joined in fai 
partaking in every aspect of the work, despite the shambles it m 
their house. During the day, Herschel's home was a school of music; 
denly, it was a telescope factory as well. During the night, it 


THE HERSCHEL SCHOOL OF MUSIC AND TELESCOPE FACTORY 


To make a telescope satisfactory to him, Herschel 
needed to craft a better instrument than had yet 
been made. He wanted to make a large telescope, 
so he rejected the Galilean type of refractor, which 
used a lens to gather light, because he judged that 
a large lens could not in his day be ground well 
enough. To gather more light, he turned to reflect- 
ing telescopes of the kind that Newton had pio- 
neered a century earlier. He experimented with dif- 
ferent metal alloys in an attempt to find one of high 
reflectivity, fair resistance to tarnishing, and 
reasonable ability to hold its shape through daily 
temperature changes. 

He turned his entire house intoa telescope labo- 
ratory, much to the dismay of his sister Caroline: 

*. it was to my sorrow that I saw almost every 
room turned into a workshop’ Telescope tubes and 
stands were fabricated in the drawing room. An op- 
tical lathe for grinding eyepieces took over a 
bedroom. The kitchen became the smelter. 

On one occasion, in August 1781, a hot mirror 
mold (made of horse dung) broke, spilling molten 
metal that cracked the flagstone floor and sent 
pieces flying like shrapnel in every direction. The 
Herschels and their workmen fled for their lives. 
Herschel fell exhausted on a heap of bricks. 
Miraculously, everyone escaped injury. 

In spite of occasional mishaps, Herschel found 
anacceptable speculum metal from which to make 
his mirrors—71 percent copper and 29 percent tin. 
In 1778 he completed an excellent 6.2-inch 
telescope with a focal length of 7 feet (frequently 
referred to as the 7-foot telescope) and used it to 
make his second and third complete surveys of the 
heavens. 

In 1782, a year after Herschel found Uranus with 


aii 


. 


ie 


Herschel's house at 19 New King Street, 
Bath. It was here on March 15, 1781, that 
Herschel discovered Uranus. 

William Herschel Society, Bath, England 


this telescope, it was taken to Greenwich for 
parison with the telescopes at the Royal O 
vatory. Nevil Maskelyne announced that Hersd 
telescope was clearly superior. 
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Em " 
became William's passion. He cut back on his music 

ing. English weather being what it is, every clear night had to be 
teaching: Ul lest, No time was to be lost. William would not pause from 
Used tO aking or observing for meals. So, while he worked, Caroline 
telescop? M d food in her brother's mouth. William also didn't seem 
m m rest. Caroline wrote: "If it had not been sometimes for 
E Sitio of a cloudy or moon-light night, I know not when my 


‘Astronomy 


to net 


intervé 
the her [or T either) should have got any sleep . . ‘ 
CA evening in December 1779, Herschel was in front of his house 


EU {oon with his 6.2-inch (7-foot focal-length) reflector when 
Om and asked if he might have a look. Herschel as always 
Bas very accommodating. The man later introduced himself as Dr. 
William Watson. He and his father, physician to the king, were both 
members of the Royal Society. A deep lifelong friendship began. 


By March 13, 1781, William Herschel, with help from the Watsons, was 
beginning to become known in English scientific circles. He had com- 
pleted asurvey of the skies with a 4.5-inch reflector in which he cataloged 
every star of 4th magnitude or brighter. (All these stars were visible to 
the naked eye, but they were up to 100 times fainter than S us, the 
brightest nighttime star.) That "review," as Herschel called it—the first 
of four he was to complete in his lifetime—and reports about the size 
and quality of his telescope had generated much interest. If anyone was 
most likely to be the first person since the beginning of recorded history 
to discover a planet, it was William Herschel. 

‘And he did. It happened during his second great all-sky survey. He 
Was using the 6.2-inch reflector he had built after his initial test search. 
"In the quartile near Zeta Tauri," he wrote in his observing journal, “the 
lowest of two is a curious either nebulous star or perhaps a comet. A 
small star follows the comet at % of the field's distance." For more 
than a month Herschel continued to think the object he found was a com- 
et. Previous comet orbits as computed by Newton, Halley, and others 
were long ellipses resembling parabolas. But a parabola failed to correctly 
predict where Herschel's newly found object would be located a few 
days or weeks later. Its orbit was not cometlike. 

Nevil Maskelyne, the English astronomer royal, was the first person 
on record to suspect that the object was a planet. He received news of 
the discovery from Dr. William Watson, Herschel's friend in Bath. After 
observing for three nights, he wrote to Watson on April 4, 1781: "[The 
object's motion] convinces me it is a comet or a new planet, but very 
different from any comet 1 ever read any description of or saw." 

On April 23, he wrote to Herschel: 


Perhaps a 
Comet 


Nevil Maskelyne, 
astronomer royal and 
friend of William and 
Caroline Herschel 
Royal Greenwich 
Observatory 


6 PLANETS BEYOND. 


I am to acknowledge my obligation to you for the communication 9 
discovery of the present Comet, or planet, I don't know which to 


It is as likely to be a regular planet moving in an orbit nearly circula 


round the sun as a Comet mi 


in a very eccentric ellipsis. I h 


yet seen any coma or tail to it. 


‘The mathematical proof came independently that summer from 
Johan Lexell, a Swedish astronomer working at Saint Petersburg in Ry 
and from Jean Baptiste Gaspard Bochart de Saron and Pierre Sim 
Laplace in France. When they fitted the observations toa circular; 
planetlike orbit, the object moved more nearly as predicted. Laplag 
Pierre Francois André Méchain calculated the first elliptical o 


Uranus in 1783. 


SONG OF THE HEAVENS: CAROLINE HERSCHEL (1750-1848) 


“I never forgot," wrote Caroline Herschel, "the 
caution my dear Father gave me against all thought 
of marrying, saying as I was neither handsome nor 
rich; it was not likely that anyone would make me 
an offer, till perhaps, when advanced in life, some 
old man might take me for my good qualities." 

So Caroline dreamed of a career to keep her from 
being dependent on family members. She had a 
good singing voice. She came from a musical family. 
But her mother disapproved of careers for women. 
Anna even frowned on the liberal education that 
Isaac, the father, gave their sons. It would inflate 
their expectations. She did her best to limit her two 
daughters to the purely practical matters of cook- 
ing, sewing, and household management. Isaac 
quietly slipped in a few language and music lessons 
for the girls whenever he could. 

But when Isaac died in 1767, Anna Herschel 
relegated her younger daughter Caroline, age 17, 
to the position of household drudge. Five years 
passed slowly and unhappily. Finally, her brother 
came to rescue her and brought her to England to 
live. He bought her freedom by providing money 


This anda second quotation from Careline are from Constance A. Lub- 
bock, ed, The Herschel Chronicle (Cambridge: Cambridge University 
Press, 1933) pp. 45, 137. The spelling and punctuation ofthis quota. 
tion have been modernized. Caroline had mild scarring from smallpox. 


Eu T 
Caroline Herschel at the age of 79 (1829) 
National Maritime Museum Greenwich 


for their mother to have a paid servant. Wilhelm 
he called himself William now—had mani 
establish himself in the resort city of Bath 
church organist, music teacher, and concert 
former. Caroline was forever grateful to her br 
and plunged into intensive training under 
direction. 

Caroline's day began with breakfast at 7 
earlier, much too early to suit her. On the brea 
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E — 


Helf ayear after 
most astronomers 
ii more than twice a: 
the size o! 
Herschel, was 
more than four times 
Tot too far from 


he found it, Herschel's comet was acknowledged by 
to be a large new planet. Its calculated orbit placed 
s far from the Sun as Saturn. Herschel had doubled 
f the solar system." The disk of the new planet, as measured 
sa little over 34,000 miles (54,700 kilometers) across, 
the diameter of the Earth. Herschel's estimate was 
the modern measure of 31,800 miles (51,200 kilometers). 


Singlish astronomy, which had generally led the way since Newton a 
n 


century earli 
amateur 


er, now had a brilliant new discovery in its crown and an 
scientist who was becoming the greatest astronomer of his age. 


"Ihe Royal Society, England's venerable scientific organization, gave 
Herschel its coveted Copley Medal in 1781 and made him a member. 


table, from her brother, were "Little Lessons for 
Tina" mathematics problems for her to solve and 
discuss with William over breakfast. Following 
breakfast, Caroline took cooking lessons from the 
housekeeper, whose job she would soon have. 
‘Then followed a lesson in English and then another 
in math, emphasizing bookkeeping. Next she prac- 
ticed music, playing the harpsichord while singing 
witha gag in her mouth to improve her projection 
and enunciation. This was the first of two or three 
music lessons each day. Finally, she was allowed 
some relaxation, by which William meant the study 
of astronomy. That was Caroline's daily schedule 
up till noon. 

Within five years, Caroline became a noted 
soloist. But her career didn't last long. William was 
seized by a dangerous and demanding hobby— 
astronomy. He started building telescopes. Larger 
and larger telescopes. And observing with them. 
One night he fell off the scaffolding and narrowly 
escaped grave injury. Thenceforth Caroline stayed 
up nights with him, at first taking down observing 
notes, then making her own observations. During 
the day, after a full night of observing, she ran the 
household while her brother taught music students 
and performed. She also entertained guests, helped 
her brother prepare astronomy papers for publica- 
tion, and polished telescope mirrors. Her singing 
career was over. 

While helping William to prepare a telescope for 


observations after a snowfall on New Year's Eve 
1783, she slipped on the ice and fell against a large 
metal hook used for lifting the telescope. The hook 
pierced her right leg six inches above the knee. Her 
brother and a workman extricated her, but "not 
without leaving near 202. of my flesh behind." The 
doctor told her that her injury would have kept a 
soldier in the hospital six weeks, but she was back 
in action within days, rejoicing that her incapacity 
had not cost her brother any good observing 
weather. 

But the turning point had already come. In 1781 
her brother had discovered the planet Uranus. 
William Herschel became world-famous. The next 
year, at age 44, he abandoned the profession of 
music and turned all his energies to astronomy. 

Caroline Herschel followed her older brother into 
anew career. The king allotted her a subsidy of 50 
pounds a year, making her the first woman to be 
a professional astronomer. She never married, but 
the distinguished French astronomer Joseph La- 
lande made two visits to see Herschel's giant tele- 
scope at Slough, “possibly as much because of 
Caroline as the 40-foot.’" In eleven years, she dis- 
covered eight comets and what we now know is a 
satellite galaxy of the Great Spiral in Andromeda 


Colin Ronan, Astronomers Royal (Garden City, New York: Doubleday 
1966), p. 90. 
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Royal Observatory 
Greenwich about 1781, 
when Herschel 
discovered Uranus and 
his telescope was 
brought to the 
astronomer royal for 
inspection 
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Onitsown initiative, the society waived his annual dues so that he 
have extra money to continue his research. 

Herschel's achievement in discovering Uranus by recognizing itsi 
disk as different from the stars stunned the astronomical commun 
Admirers urged King George III to give Herschel an annual subsidy 
that he could devote all his time to science. But others could not b 
the claims Herschel made for his instruments. They urged t 
6.2.inch telescope Herschel had made for his second sky survey- 
telescope he was using when he found Uranus—be inspected to set 
he could possibly be telling the truth about its performance and 
discoveries he was reporting, which they could not verify with their 
instruments. 

In late May 1782, Herschel visited the king and showed him the heay 
through his telescope. By mutual agreement, Herschel then stopped 
the Royal Observatory at Greenwich so that the astronomer royal 
other astronomers could have a look. The word was quick in c 
Maskelyne and other English astronomers pronounced the tele 
superior to those owned by the Royal Observatory or any others tl 
had tested. 

Herschel immediately wrote home to his sister to share the new 


These two last nights I have been stargazing at Greenwich with Dr. 
Maskelyne and Mr. Aubert [Alexander Aubert, a prominent amateur}. 
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pared our telescopes together, and mine was found very superior 
have cov"tne Royal Observatory. Double stars which they could not see 
to any pir instruments I had the pleasure to show them very plainly, and 
E ‘echanism is so much approved of that Dr. Maskelyne has already 
my Tod a model to be taken from mine and a stand to be made by it to 
arde Tector. He is, however, now so much out of love with his instrument 
that he begins to doubt whether it deserves a new stand! 


[litte later Herschel visited Aubert's observatory for a similar side-by- 
ide comparison. It was no contest, “I can now say,” he wrote to his 
u m ‘Alexander, “that I absolutely have the best telescopes that were 
be made.'* Self-taught astronomer and optician William Herschel 
um only making the best telescopes in the world, he was also using 
them in a rigorous observing program like none ever attempted. 
Herschel pretty much ignored the fame that followed his discovery, 
put he was bothered by the impression that the finding was an accident. 
Because his second all-sky survey, begun in August 1779, had been both 
comprehensive and precise, Herschel felt any object he found was not 
due to luck. He was recording the position and brightness of every star 
down to magnitude 8, about 40 times fainter than the dimmest star in 
his first all-sky survey. The faintest of these stars was five times too dim 
for the best human eye to see and ten times fainter than Uranus. As he 
Jater explained: 
1t has generally been supposed that it was a lucky accident that brought 
this new star to my view; this is an evident mistake. In the regular man- 
ner I examined every star of the heavens, not only of that magnitude but 
many far inferior, it was that night its turn to be discovered. I had 
gradually perused the great Volume of the Author of Nature and was now 
come to the page which contained the seventh Planet. Had business 
prevented me that evening, I must have found it the next, and the 
goodness of my telescope was such that I perceived its visible planetary 
disc as soon as I looked at it .. 1° 


By the fall of 1781, six months after the discovery, most astronomers had 
convinced themselves that Herschel's object was a planet, and the need 
for aname seemed urgent. How should a new planet be named? There 
was no precedent. No planet had ever been discovered in the course of 
recorded history. 
Sir Joseph Banks, president of the Royal Society, urged Herschel to make 
a suggestion, lest the French, who had helped to prove that the new ob- 
ject moved like a planet rather than a typical comet, seize the glory: 
Some of our astronomers here incline to the opinion that it is a planet and 
‘not a comet; if you are of that opinion it should forthwith be provided 


with a name [or] cur nimble neighbours, the French, will certainly save us 
the trouble of Baptizing it. 


The Need for 
a Name 


PLANETS BEYOND 


William Herschel holds 
a diagram of the 
Georgian Planet 
(Uranus), orbited by the 
two moons (Oberon and 
Titania) that he also 
found. 


Courtesy of Special Collec- 
tions, San Diego State 
University Library 


Herschel ignored the request. Meanwhile, the French were ing 
engaged in bestowing a name. Joseph Jéróme Le Francais de 
one of the orbit calculators, generously and unpolitically sugges 
the new planet be named Herschel. 

Another proposal came from Johann Elert Bode, editor of the Be 
Astronomisches Jahrbuch (Astronomical Yearbook of Berlin). He 
gested the name Uranus, because Uranus was the father of Saturn 
as Saturn was the father of Jupiter and Jupiter the father of Mars, 
Mercury, and Apollo (the Sun). Uranus was also god of the sky andy 
band of Earth. The name Uranus would thus keep all the planets p 
of one mythological family. 

‘These two proposals and many others—including Neptune, Cyb 
(wife of Saturn), Astraca, and Minerva—were published and deba 
with still no response from Herschel. The Royal Society, whose 
told of its patronage, saw a good public relations opportunity sl 
away. Intent on securing royal assistance for Herschel's research in 
case, the society may have encouraged King George III to believe f 
Herschel wanted to name the new planet after him, while telling Herse 
that the king wanted to give him an annual subsidy and that it 
therefore be appropriate for him to name the planet after Geo 

These machinations were delayed somewhat by the insistence of 
skeptical society members that Herschel's telescope first be tested. 
the verdict was in, Herschel wrote the king to ask if he might honor bi 
in the planet's name. The royal pension for Herschel came throi 
the summer of 1782. His subsidy of 200 pounds a year was two. 
the salary of the astronomer royal, and Herschel had only one oi 
duty: to live close enough to Windsor Castle so that he could show t 


ment because he welcomed the opportunity to devote all his ener 
to astronomy and because he could continue to supplement his in 
through the sale of telescopes. The king, in fact, immediately or 
five 10-foot focal-length telescopes to dispense as gifts. 

Herschel soon wrote an effusive letter of praise to King George, 
posing that the new planet be called Georgium Sidus (George's 
because of the king's generosity to him and to science and because t 
name would remind people that the planet was found in England 
ing the reign of George III. 

The name was instantly unpopular wherever George III did not rei 
Astronomers resented the name's political symbolism and cumber 
length, and they pointed out that George's Star was nota star. Each 


The Discovery of Uranus 


1 


vay. The new planet was Uranus in Germany; it was 
So and (hen gradually Uranus] n France; and for the next 
Britain it was known as the Georgian Planet, Bode's recom 
finally prevailed, but the new planet remained officially “The 
i» Britain until after the discovery af Neptune and throug 
licati ie Nautical Almanac for P 

par PUn icai about the planet name he had suggested? 

d leier. to the king sounds sincere. Yet when Bode wrote in 
His gracion" n e him and to argue that Uranus was a better name, 
1783 to de eeponded: "When I named it Geo[rgium] Sidus I hardly ex- 
Hers it this name would become generally accepted, because we 
pected now by experience that the first names of the satellites of Jupiter 
already know y ee changed."® Was Herschel just being diplomatic 
and Satu wi of from partisan disputes, or was he acknowledging that 
Es vasa gesture to his benefactor and of little interest 
n opm is no way to tell. Whatever Herschel's intentions, he left 
Boe that he wanted the planet named after himself. 
n 


went it 
called Hers 
60 yearsin 
mendation 
Georgian" i 


ith the terms of his royal pension, Herschel immediate- 
E EL! Windsor. In 1786 he settled in Slough, within sight 
Othe castle, where he spent the rest of his life. He gave up music and 
is remaining 36 years to astronomy. f 

ES. Mi secie duy as astronomy tutor to the royal family, 
Herschel demonstrated his characteristic creativity and resourcefulness. 
Tor example, if the court was anxious to observe but the weather ie 
uncooperative, Herschel would rig up a model Saturn at a distance an 
iluminate it bya lantern so thatthe expectant royalty could look through 
the telescope anyway and enjoy at least a simulated view. 

Herschel was 42 years old when he found Uranus, an age when most 
scientists’ major discoveries are behind them. But, for Herschel, 40 years 
of sustained scientific productivity lay ahead. From 1781 until 1821, when 
his health finally failed, he led the way in virtually every branch of 

momy. 

Tit 788 at age 49, Herschel married a 37-year-old widow named Mary 
Pitt, and in 1792 their only child, John, was born. Even as a boy, John 
began helping his father and Aunt Caroline, and he grew up to be one 
of the most renowned astronomers of his age. In the meantime Mary 
saw to it that William now took time for meals and vacations. Fora time, 
Mary's place in William's affections strained her relations with Caroline, 
who had so selflessly devoted her life to her brother. But eventually both 
women, to their credit, came to like each other. À 

A serious illness in 1808 caused Herschel, at age 70, to cut back his 


The Amateur 


Turns 
Professional 
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observing schedule somewhat, but he remained active until 13 yeg 
when his health began to decline steeply. In June 1821, Caroli; 
as his observing assistant for the last time. Herschel died on 
1822, just short of 84 years old. His life was almost exactly 
of one revolution of the planet he had discovered. Uranus 
returned to the place in the skies where it had stood at his 
Throughout most of the eighteenth century, research in a 
meant the confirmation and application of Newton's work. Pri 


time, determine geographical longitude, and refine the orbite 
planets. 


It was amateur astronomer William Herschel and three gener 
of others like him who changed the course of astronomy and re 


-the father of 
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rschel discovered Uranus in 1781, progress in 

it, For Oye n entirely through the efforts of amateurs. 
astronomy cime * ‘aimed around the world and is still recognized as 
Herschel wy astronomy. He made four highly successful complete 
"ll the stars visible through his ever-improving telescopes. He 
surveys Of existence of binary star systems—stars revolving around 
ered Ui ized that stars were much farther away than previous- 
one another pioneered the study of the shape and extent of the stellar 
CO is i anding the field of observational cosmology. He proved 
ia ie moving in space, toward a point in the constellation 
that the Sup v e infrared light. All these breakthroughs came 
ules Dd the planet Uranus. "The history of astronomy,” wrote 
Michael Hoskin, "knows great telescope builders, great 
but only William Herschel falls in- 


me 


after he fo 
istorian Mi n 
ES and great theorists; 


HERSCHELS TELESCOPES 


The discovery of Uranus brought Herschel a flood 
of inquiries about his instruments and techniques. 
Only then did it begin to dawn on him that he, 
William Herschel, an amateur isolated in Bath, 
England, was the best-equipped astronomer in the 
world. Despite Herschel's sale of telescopes, the 
world did not catch up with him in his lifetime. 
Because other astronomers did not check his obser- 
vations on stars and faint nebulae, they could not 
appreciate his work on the structure of the heavens, 
After he came under patronage from the king, 
Herschel began work on the largest telescope the 
world had ever known—a 40-foot-long instrument 
With a 48-inch mirror. This endeavor was subsi- 
dized by an initial grant of 2,000 pounds from King 
George III. A second 2,000 pounds followed to com- 
plete the job, and 200 pounds a year was allocated 
to maintain the instrument. Herschel supervised 
every detail of the work, which sometimes required 
40 workers. It took 12 men working together to 
handle the grinding and polishing tool. Herschel 
had three mirrors cast, each weighing almost a ton, 
before he was reasonably satisfied. The telescope 
was three and a half years in the making. 
The 50-foot-high scaffolding for the huge tele- 


as 


WN 


Herschel’s 40-foot (48-inch) reflecting 
telescope 


Royal Greenwich Observatory 


scope attracted many visitors, and Herschell 
much time showing distinguished guests, inclu 
the king, his work. People especially liked to? 
through the 40-foot-long tube as it lay o 
ground. One day the king brought the archbis 
of Canterbury to see the project and led ] 


disputably into all three categories.’ 


through the tube, saying, “Come, my Lord Bishop, 
Twill show you the wey to Heaven. 

Completed in 1789, the 48-inch reflector re- 
mained the largest telescope in the world for more 
than halfa century until William Parsons, the lord 
of Rosse, made a 72-inch reflector in 1845. 
Herschel's 48-inch telescope was larger than any 
optical telescope in operation in Britain today: 

On his second night of viewing through his 48- 
inch telescope, Herschel discovered a sixth moon 
of Saturn (Enceladus). Three weeks later he dis- 
covered a seventh (Mimas|. Yet Herschel was dis- 

ted with this instrument. It was clumsy to 
operate, the English weather was seldom good 
enough to allow the large mirror to perform well, 
the mirror distorted under its own weight when 
tilted, and it tarnished rapidly. With only a hundred 
hours a year of truly excellent seeing conditions 
Herschel had at last exceeded the limits of contem- 
porary technology and the weather of his adopted 
country. He returned to his 20-foot focaHlength 


Jary Cornwallis Herschel. Memoir and Correspondence of Caroline 
Herschel New York: D. Appleton, 1876), p. 309. 

sited out by Michael Hoskin, Wiliam Herschel and the Construction 
the Heavens (New Yorke W. W. Norton, 1963), p 26. 

Plccortng to Herschel, cited by Heary C. King, The History of the 
"Hlescope (Cambridge: Massachusetts: Sky Publishing. 1955] p. 133. 


(18.8-inch) reflector (the “large 20-foot," completed 
in 1783), one of the finest telescopes ever made. He 
used it constantly for 20 years.* The 40-foot 
monster was left mostly for visitors to gawk at. 
Another of Herschel's finest telescopes was the 
25-foot-long, 24-inch-diameter reflector ordered by 
the king of Spain for the Madrid Observatory. Her- 
schel was paid 3,150 pounds. Unfortunately, most 
ofthe people who bought a Herschel telescope did 
so for prestige and as a work of art. Little astro- 
nomical use was ever made of this exquisite instru- 
ment, and it was destroyed in the Napoleonic wars. 
The giant 40-foot telescope stood erect until 1839, 
when the rotting timbers of the scaffolding com- 
pelled John Herschel to have the instrument taken 
down. The tube, mirror in place, was laid on the 
grass, and the family gathered inside the tube for 
a requiem, using music composed by John. The 
tube was then sealed against the elements. A tree 
felled by a storm in the 1860s crushed most of the 
tube, but the mirror and a fragment of the tube are 
still displayed at Herschel's home in Slough today. 


Tasson Joa Hevea refurbished thi telescope under his aged fathers 
‘pension, resurveyed is father's nebulae and tar cts wih it 
Sen ok tus trument 1o the Cape of Good Hope to survey the 
Southern skies, his most mous contribution to asronomy. 


CHAPTER 2 


Titius’ 
Approximation 


The Fervor fo 
New Planets 


"Can one believe that the Founder of the Universe left this 
space empty? Certainly not.” 
Johann Elert Bode 

0772) 


Before the discovery of Uranus, no one thought that there 
planets beyond Saturn. Almost no one thought that there were unlg 
planets closer to the Sun than Saturn. But with the discovery of Ur 
in 1781, horizons suddenly broadened. Maybe there were other pla 
bodies in the solar system yet to be found. Attention focused on some 
called Bode's Law. 
Popularized by the same man who provided Uranus with its nz 
Bode's Law began as a curiosity—the relative distances of the pla 
from the Sun expressed as an arithmetic progression. Two-thirds of d 
tury later, it was once again just a curiosity. But during the intery 
65 years, Bode's Law was a major driving force in solar system 
The distance of newly discovered Uranus was in good agreemen 
the law's numerical sequence, and this gave the progression cr 


Bode's Law, however, is neither Bode's nor a law. More properly, it sh 
be (but seldom is) known as the Titius-Bode Rule. In 1766, Johann. 
Titius, a mathematics professor at Wittenberg, translated from 
to German a work by Swiss naturalist Charles Bonnet entitled Re 
tions on Nature.' Bonnet was trying to show the handiwork of 
the order of nature, and he began with the example of the solar 
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je was too diffuse, however, and Titius decided to help Bon- 
Theexamp snterposing a paragraph that offered an intriguing progres- 
net by aie stances of the planets from the Sun. His finding can be 
sion in 


stated like this: 
e Start with the 


with 3, each succe 
e Add 4 to each number. ' 
1 Divide each number by 10. 


series 0, 3, 6, 12, 24, 48, 96, . . . in which, beginning 
'eding number is twice the one before it. 


imati i f the then-known 
is a good approximation of the distances oi 1e kn 
p i Sun i astronomical units (an astronomical unit is the 
: ean distance of the Barth from the Sun—now set at 92.96 million miles, 
me r 
or 149.6 million kilometers]. 


DISTANCE FROM THE SUN 
lin astronomical units) 


Titius-Bode Law Actual as of 1790 


044 


Rienuy tt- os 030 
I nis 3$ - o 0.72 
Earth S44. 10 1.00 
Mars Mt. 16 152 
243-3. = 28 (nothing known) 
Jupiter A844. 52 5.20 
Saturn 36$ = 100 954 


Titius noted that his numbers worked well except for a gap between 
Mars and Jupiter where there was no known planet. "But did the Lord 
Architect leave that space empty?" he asked. "Not at all," he answered. 
This space must be occupied by undetected satellites of Mars and perhaps 
of Jupiter. 

‘This exercise by Titius, buried in another author's book, would prob- 
ably have attracted no attention had not Johann Elert Bode happened 
across it. Bode was a young, energetic, self-taught astronomer who, at 
the age of 21, had published a very popular introduction to the 
heavens? In 1772 he had just been hired by the Berlin Academy of 


Johann Daniel Titius. 
Archive of the Archenhold 
Observatory 
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ical almanac with. astronomy 
world. He thereby made the B 


Science news from around the 


death in 1826. 
Bode came across the planetary distance relationship in thef rs 
man edition of Bonnet, translated by Titius in 1766. Titius in 
i t a note, so that it appeared to beb 
net^ Bode reprinted the relationship with only a few very | 
changes in phrasing and without credit to Bonnet or Titius in the 
edition (1772) of his introductory astronomy book. "Can one b 
said Bode, "that the Founder of the Universe left this space 
tainly not.” Instead of satellites of Mars or Jupiter in the Bap, 
Bode proposed that a major planet lay undiscovered there and 
astically promoted this planet spacing relationship every chance 
Bode continued to fail to credit Titius in the next two editions 
Popular astronomy book and in his 1778 technical survey of ast 
as well. He finally acknowledged Titius as the source for Bode's Ig 
1784, three years after Uranus was discovered, when he 
monograph on the new planet. Bode pointed out that if his rule 
planet distances had been carried one step further, it would have p 
a planet at 19.6 astronomical units and that Uranus was actuall 
at 19.2. Suddenly this curious rule acquired the aura of credil 


this formulation of planet spacings became ti 
name. 


Johann Elert Bode 


Archive of the Archenhold 
Observatory 


ightly coupled to 


"Celestial Police Based on the apparent validation of Bode's Law by Uranus, Bode 

Celestial Police plans to search for the planet that the law predicted should lie betw 
Mars and Jupiter. The object had to be faint, or as close as it was, it 
be plainly visible to the unaided eye. 

Bodes confidence that a planet existed in the Mars-Jupiter gap 
matched by that of the Hungarian astronomer Franz Xaver von Ze 
On September 21, 1800, Zach convened a meeting of astronomer 
in Lilienthal, Germany, at the home of the town's chief magistrate, Joh 
Hieronymus Schröter. The village of Lilienthal was about 12 miles 
kilometers) from Herschel's birthplace in Hanover. Schröter was 
amateur astronomer who made outstanding telescopes himself and w 
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tor with a 27-foot focal length. This gave 
urchased? ere European continent. Schróter was one 
jm the largest 1E CS use a Herschel telescope for research rather than 
the few peor! S 
dir III, ruler of Hanover as well as Great Britain, posco 
King George sd Schröter. The king encouraged Schróter's researc 
both Herscho! j Schróter's instruments and leaving them in his hands 
buying sor ye also provided money for Schróter to hire an assis- 
until his death. el received a stipend for Caroline. Schroter is regarded 


fant jut per of selenography for his longterm work on the features of 
asthe fathe 


ae istronomers? who met at Lilienthal adopted a plan previous- 
The six a 


ind the missing planet. Since all the known 
pppoe by aa ii the odan band, they reasoned that 
planes ey Ph planet might also be found there. So they divided the 
DUE sions along the zodiac and assigned the search of each 
E oe to an astronomer they felt would want to participate 
1odegre ect Zach dubbed the group the Lilienthal Detectives. Letters 
inthis pj astronomers all over Europe notifying them of their 
went 


ignments. . ME à 
E Basico late. Before the letter to Giuseppe Piazzi arrived at the obser- 


vatory he directed in Palermo, Sicily, he had made and reported a puz- 
ipg discover, D n 
E S priest and pU by msg Wie juae 
i in he wa: 
sree btry In the late 1790 ho went to England so that he could 
tu Bises Sastrüments available. He spent time with the astronomer 
eH da then went on to visit William Herschel. While observing with 
m he fell off the scaffold and broke his arm. Astronomy can be 
us profession. x 
n cm Sly with his new equipment, he launched a lengthy pinta 
ing, but valuable project to determine the exact astronomica d ES 
of several thousand stars. He was 11 years into this project MA en, on 
the night of January 1, 1801, the first day of the nineteenth em un E 
noticed a very faint, starlike object in Taurus that wasn't in the E 
E Su un the next night and the night after that. m: E. 
ject was moving slowly against the background stars. A few more m 
of observations assured him that the object was indeed a member o! ine 
solar system—but what was it? He began to notify colleagues. To Lalande 
and Bode he described his discovery as a comet. But in his letter of January 
24, 1801, to his close friend Barnaba Oriani, director of the Brera Obser- 
vatory in Milan, Piazzi confided: 


Franz Xaver von Zach 
Archive of the Archenhold 
Observatory 


Johann Hieronymus 
Schróter 

Archive of the Archenhold 
Observatory 
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Giuseppe Piazzi 
Courtesy of Special Collec- 
tions, San Diego State 
University Library 


1 have announced this star as a comet, but since it is not accompa 
any nebulosity and, further, since its movement is so slow and 
uniform, it has occurred to me several times that it might be some 
better than a comet. But I have been careful not to advance this 
tion to the public. I will try to calculate its elements when I have 
more observations, ^ 


On Februery 11, Piazzi fell seriously ill, and before he had reg 
the object had moved too close to the Sun's position to be obser 
delivery could be absurdly slow in those days, and it was two 9 
months before Oriani, Bode, and Lalande received their letters, B 
mediately suspected that Piazzi's discovery was the planet 
tives had hoped to find, and he spread the news. Zach was 
For philosopher Georg Wilhelm Friedrich Hegel, however, 
was embarrassing. Early in 1801, before word of the discovery 
ceived, he had published his Dissertatio Pholosophica de 
Planetarum |Philosophical Dissertation on Planetary Orbits), in 
he proved by logic that only the seven known planets could e 
that Bode's Law was absurd. 
But now there was a serious problem with the object that Pi 
found. By the time Bode, Lalande, and Oriani received notifica 
Piazzi was well enough to resume work, the object was lost. P 
observed it over a period of 41 days, which covered 3 degreeso 
bit. Such a small percentage of an orbit made the calculation of t 
ject's position after it emerged from the brightness of the Sun ex 
uncertain. True, it was less uncertain than the position of Uram 
half a year of observation (by which time it had shown itself to bea’ 
but Piazzi's object was much harder to find because it was 
magnitude, about ten times fainter than Uranus. It was on the 
visibility with most of the telescopes available, and it exhibited no 
planetary disk. Searches were in progress everywhere, but the 
ject eluded detection, even by Herschel. Astronomers began to 
But then a brilliant 23-year-old German mathematician stepped 
Friedrich Gauss. The problem of recovering Piazzi's object fe 
him. In the fall of 1801 he developeda new method of calculating 
from a minimum of observations. Late that year he delivered h 
calculation and position prediction to Zach. On December 31, 1 
last night of the year of its discovery, Zach found the object o 
a degree from where Gauss had calculated it would be. 
Gauss's calculation also confirmed what had been suspected: 
ject had the nearly circular orbit of a planet, not the elongated 
à comet. And Gauss confirmed that the object's distance from th 


was 2.77 astronomical units—almost exactly the 2.8 figure that B 
Law promised. 
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j i - f Ferdi- 
jazzi proposed to name the object Ceres Ferdinandea—Ceres ol 
E. was the Greco-Roman goddess of agriculture and patron god- 


dess of Sicily. Ferdinand was the ruler of Sicily. But the length of the name 
and its political connotations quickly resulted in the use of Ceres only. 


But soon new trouble arose. Ceres was relatively close, showed no ap- 
preciable disk, and was extremely faint. It had to be small. Was it too 
small to be the expected planet? i 

Then, on March 28, 1802, Wilhelm Olbers found a new object with 
very similar behavior. Olbers, a physician and skillful amateur 
astronomer, was also one of the Lilienthal Detectives. He had been search- 
ing to recover Ceres and thus had made himself very familiar with the 
part of the sky (Virgo) where Ceres might be expected to reappear. In 
fact, Olbers had independently recovered Ceres on January 1, 1802, the 
night after Zach's success. 

Olbers was looking for comets when he saw what he named Pallas 
{another name for Athena, sometimes regarded as goddess of medicine}, 
His familiarity with that part of the sky allowed him to recognize this 
faint interloper from among hundreds of stars in his field of view. 

The discovery of Pallas complicated matters. Bode's Law predicted one 
planet at 2.8 astronomical units. Now there were two. And neither was 
of normal planetary dimensions. Herschel estimated the diameter of Ceres 


Carl Friedrich Gauss, 
later in life, on the ter- 
race of the Göttingen 
Observatory 

Courtesy of Special Collec- 
tions, San Diego State 
University Library 
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302. But Olbers, a clever mathematician, offered an intriguing idea in 
1802. 


x: that Ceres and Pallas might be fragments of a large planet that 


at 162 miles and Pallas at 110. Modern measurements are 
and 335 miles (993 and 540 kilometers), but these two bodies ay 


much smaller than the smallest planet, Pluto, which is about 1, ea destroyed by internal explosion or by collision with a comet. 

(2,345 kilometers) in diameter. p roposed that astronomers search the two regions in esky ete 
Herschel wrote to Piazzi and Olbers to suggest that it was po E us of Ceres and Pallas came closest to intersecting b s le h ope 

save Bode's Law only by reckoning that Ceres and Pallas were 4 Manding other fragments, since an explosion might throw debris in 


class of solar system members, too small to be designated pl 
proposed to call them asteroids because of their starlike app 
which did not readily reveal a planetary disk. The name st 
though asteroids have nothing to do with stars. Planetary sc 
prefer to call them minor planets or even planetoids, the name 
by Piazzi in 1802 to avoid the "starlike connotation of ast 


sections, but the orbits of the fragments would bring them back to the 
IM 'explosion at each revolution. The intersections were in Cetus 
site 
d Beate 2, 1804, Carl Ludwig Harding, an assistant at Schróter's 
ppservatory and himself one of the Lilienthal Detectives, discovered Juno 
în Pisces, very close to Cetus, and on March 29, 1807, Olbers, taking his 


Wilhelm Olbers 
Archive of the Archenhold 


Observatory 


Olbers accepted Herschel's diminutive measurements for the 
objects and adopted the term asteroid in his reply to Herschel 


AN EARLY APPLICATION OF AUTOMATION TO ASTRONOMY 


by Ruth S. Freitag, Library of Congress 


After Piazzi came across the first (and largest) 
asteroid in 1801, three more were found by Olbers 
and Harding in the ensuing six years; then nearly 
four decades elapsed without any further dis- 
coveries. However, once the search was resumed 
by anew cast of characters armed with better star 
maps, the numbers began to accumulate, beginning 
in 1845. From 1847 on, not a year passed without 
the identification of yet another asteroid or two, or 
six, or eleven. By mid-1873, more than 130 were 
known. After considering carefully the hardships 
that dedicated asteroid seekers had to endure, the 
Bavarian satirical weekly, Fleigende Blätter, an. 

nounced in its issue of September 19, 1873, the 
development of an indispensable new accessory: 


An Automatic Asteroid Finder 


We have succeeded in building an instrument that 
discovers asteroids, comets, and other unknown 
celestial bodies by purely mechanical means. The 
arrangement is as follows: An instrument resem- 
bling a telescope, the lens combination of which 
is designed like that of the camera obscura, is set 
up facing the sky. This instrument projects all the 


heavenly bodies within its field of view. 
strip of paper, which stretches between 
and is carried along past the focal point 
strument, by means of a clock drive, at 
speed as that of the stars in the field. All th 
fixed stars, planets, and asteroids are sho 
spotson this paper strip, exactly like a cel 
The rest of the paper is chemically treated} 
a way that the least amount of light fallin 
a spot that is not blackened will set th 
fire. If this rolling chart of the heavens 
oriented, the light from a star will fall upon 
responding black spot on the map; but if 
astar (asteroid or comet) anywhere in the 


isnot yet shown on the map, ie., not yet disco 


a point of light will fall on the chemically} 
part of the paper; the paper will catch fire 
will fall on a fuse treated with powder th 
nects with the touch hole of a small 

a shot will go off. By means of the shot th 


nomer quietly sleeping in an adjoining root 


awaken, jump up, rush to the instrument, 
the field of view of a telescope set up 

the camera-telescope, he will see the n 
covered star. Klinkerfues, Luther, and all th 


famous asteroid discoverers need no longer 6 


own advice, found Vesta in Virgo. 


Ttwas an embarrassment of riches. All four asteroids were small. Even 


themselves to the night air during frosty winter 
‘evenings with their comet-seekers and catch colds 
and chills from their tiresome work. Unfortunately 
it has not yet been possible to bring this epoch- 
‘making instrument to the international exhibition. 
It can be expected, in view of the large number of 
‘small planets that are to be found between Mars 
and Jupiter, that every quarter of an hour a shot 
will sound, announcing to the earth's entire popula: 
tion the discovery of yet another new asteroid. 
[Translation by Ruth S. Freitag] 


Automatic Asteroid Finder 


Fleigende Blatter, founded in November 1844, 
poked fun at German social, cultural, and political 
life with great success during the nineteenth cen- 
tury. Some of its contributing artists, such as 
Wilhelm Busch and Carl Spitzweg, achieved inde- 
pendent fame. As the years passed, the journal was 
overtaken by rapidly changing times to which it 
could not adapt; it expired, finally, in 1944—the on- 
ly German periodical of its kind to last for a century. 


22 


PLANETS BEYOND 


if they were fragments of a larger planet, all of them put toget 
all the other pieces that could reasonably be imagined to exist 
enough to form one decent-sized primary planet. Today, the to 
of the asteroid belt (3,700 known asteroids and all those rem 
be identified, plus debris and dust) is estimated to amount to 
5 percent of the mass of the Moon. It would take almost 2,9 
asteroid belts to equal the mass of the Earth. The zone of n 
continues to fragment and reduce itself to dust through col 
it seems never to have contained a planet of major size. 
Nevertheless, most astronomers in the early nineteenth cent 
that Bode's Law was extremely powerful. Why it worked re 
mystery, but Uranus was found at the distance the law p te 
a search of the gap given by the sequence produced the discover 
asteroids. Some astronomers even used Bode's Law to suggest 
lay beyond Uranus. 
Confidence in Bode's Law was great enough so that when John 
Adams and Urbain Jean Joseph Le Verrier attempted to calcula 
istence and position of a planet beyond Uranus, both adopted th 
prediction that a trans-Uranian planet would lie at a distance 
astronomical units. 
Neptune was found where Adams and Le Verrier, using 
to postulate its distance, had predicted it would be in the sky, bi 
tune proved to be closer than expected—30.06 astronomical 
error in the law of 23 percent. And Pluto, whose mean di: 
the Sun is close to where Neptune should have been, is only 
distance that the Law would predict for a ninth planet. 
Ironically, the very success of Bode's Law in helping with the di 
of Neptune led directly to its discrediting. Undermined at the 
its popularity, Bode's Law returned to the status of a curiosil y. 


Trouble with 
Uranus 


can say but your new star (Uranus), which exceeds 
saturn in its distance from the sun, may exceed him as 
'h in magnificence of attendance? Who knows what 
mu ngs, new satellites, or what other nameless and 
primers phenomena remain behind, waiting to reward 
industry .. - 
Copley Medal (November 1781) 


"Who 


Uranus required a major conceptual leap for the public and the scien- 
tific world. A new planet. A solar system twice the size previously thought. 
"The law of gravity extending deeper into the universe.! 

‘Then, to further complicate matters, Uranus would not cooperate. It 
seemed to be violating the law of gravity. In 1781, soon after Uranus was 
discovered, Lexell, Bochart de Saron, and Pierre Simon de Laplace had 
calculated circular orbit approximations for Uranus which demonstrated 
that the object, unlike any known comet, wasin a planetary orbit. Laplace 
and Pierre Francois André Méchain calculated the first elliptical orbit 
for Uranus in 1783. That orbit allowed astronomers to predict more ac- 
curately where Uranus would be. But still there was considerable error. 

New calculations were made, some improvement resulted; and most 
astronomers presumed that more observations would lead to better 
ephemerides.* 

‘They didn't. In fact, Uranus seemed to be increasingly wayward. 

When it is closest to Earth, Uranus has a visual magnitude of about 
5.5, barely visible to excellent human eyesight under perfect observing 
conditions without optical aid. With even a modest amateur telescope, 
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Those Who 


Missed 


however, Uranus is relatively bright, one of the 2,000 brightes 
among the million or so stars visible with a small instrument, 
1781, soon after Herschel's newly discovered object was gener 
knowledged to be a planet, Bode raised the question of wheth 
had been seen previously but mistaken for a star. Such prediscoy 
servations could be very useful for the refinement of orbital calcu 
The position of Uranus had been recorded since its discovery fg 
a little over six months—too small a span of the 84-year orbit tob 
dent of its size and period. Additional sightings from earlier ye 
be helpful in reducing the orbital uncertainties. 


Bode began a search through historical records and found two ocg 
when astronomers had recorded a star of the proper brightnessii 
no longer at its marked position. The motion of Uranus, calg 
backward along its orbit, seemed to place the planet near enon 
positions to indicate that earlier astronomers had—not surpris 
mistaken Uranus for a star. Telescopes prior to Herschel's could 
shown astronomers a planetary disk, which would disting 

the stars. Even in Herschel's day, famed observers such 
Messier identified Uranus only with great difficulty by noting: 
secutive nights which starlike object in the proper field of view 
against the starry background. Unless they had an instr 
Herschel's, an exacting eye like Herschel's, and an observing | 
like Herschel's where every single object in the sky, even objects; 
fainter than Uranus, would be recorded—unless they had p 
themselves with all these advantages—their chances of d 
Uranus were minimal at best. 

Herschel had not been looking for a planet at all. He was c 
his all-sky “review" in search of double stars that might be us 
parallax measurements to determine the distances to stars. He 
specifically looking for motion within the star field from one ni 
thenext, which would indicate a nearby object such asa planet or 
He did not recognize Uranus because of its motion but becat 
trained eye and with his matchless instrument, Uranus show 
small disk and therefore did not quite look like a star. 

Bode announced that Tobias Mayer had unknowingly seen Ura 
1756. So had John Flamsteed, the first astronomer royal, as far 
1690.‘ With observations now spanning almost a century 
one orbit of Uranus—several astronomers attempted to calculat 
bit that would allow the accurate prediction of future posit 
calculations worked marginally for a few weeks and then stea 
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m 
sptouselessness. O! 


ther astronomers joined in the hunt through historical 
ier sighti į his 

: anlier sightings. Pierre Charles Le Monnier examined h 

ives for es found that he had seen Uranus nine times before its 


an 
T B unt recognizing that it was not a star. He was so embar- 


that he published only four. 
bital calculations were made that tediously incorporated the 
New onal perturbations on Uranus by Jupiter and Saturn. The result 
Et Dite right, but it was an improvement, and astronomers 
IM Bes enion to other matters, such as how to avoid the guillotine 
following the French Revolution. Jean Baptiste Gaspard Bochart de Sa- 
d computed one of the first orbits for Uranus, was beheaded. 


m " 3 
ot his last night in prison calculating a refined orbit for Halley's 
Comet. 


Later, 22 years after Le Monnier's death, French astronomer Alexis 
Bouvard reexamined earlier observational records in an attempt to com- 
pute a better orbit for Uranus. He published a list of 17 prediscovery 
Sightings? of Uranus and 40 years of postdiscovery observations. These 
tables (1821) provided position markings along the orbit of Uranus that 
stretched for 130 years, from 1690 to 1820—more than one and a half 
revolutions for the planet. With so much coverage, it should have been 
possible at last to calculate an orbit that truly matched the planet's motion. 
But using all the data, Bouvard could find no decent fit. It was 
frustrating. If all the positions were included, the old observations would 
correspond, but the new ones wouldn't. If the modern observations alone 
were used in the calculations, then the old observations wouldn't fit. 
Bouvard saw no alternative but to exclude the prediscovery sightings from 
hisorbital calculation on the grounds that the observations of Flamsteed, 
Mayer, James Bradley, and Le Monnier could not be as accurate as modem, 
ones. 
Bouvard pointed out that 12 of the 17 prediscovery sightings belonged 
to Le Monnier, including 4 on consecutive nights in January 1769. 
Bouvard attributed Le Monnier's misfortune less to lack of luck than to 
his sloppiness and his failure to compare his notes on star positions from 
one night to the next. A story circulating at the time said that Le Mon- 
nier scribbled one of his unrecognized observations of Uranus not in an 
‘observing journal but on a paper bag that had contained hair powder. 
The story was not true, but Le Monnier was an easy butt of ridicule. 
Hehad an irascible personality and fought frequently with colleagues. 
Besides, it was in Bouvard's interest to cast aspersions on the non- 
discoverers of Uranus because he needed to discredit their observations 
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in order to calculate an orbit that seemed to fit the planet's 

Le Monnier did not recognize Uranus, but the positions he rg 
for this starlike object had an average error in longitude of oi 
seconds—ten times smaller than the errors that Bouvard wi; 
tribute to him. 

On the surface, it looked like Le Monnier had indeed been inex 
inattentive and sloppy. In less than a month, between December 27 
and January 23, 1769, he had seen but not recognized Uranus 
‘Yet during this period of time Uranus was just coming out of re 
motion and was at a stationary point. Le Monnier did not notice 
tion of Uranus through the star field because, at that time, Ura 
virtually not moving. 
By excluding prediscovery sightings from his orbital ca 
Bouvard was dismissing the work of some of the guiding lights, 
tional astronomy. The typical observational uncertainties by all 
cient” astronomers who had seen Uranus prior to its recogi 
planet were seven to ten times too small to warrant such drastit 
As Le Verrier proved later, the "ancient" data were good. Bouvard 
unhappily: 


+ + I leave to the future the task of discovering whether the diffi 
reconciling the two systems results from the inaccuracy of thea 
observations, or whether it depends on some extraneous and 
influence which may have acted on the planet.® 


Having explained his exclusion of older data, Bouvard then us 
40 years of "modern," more reliable data to establish a new, 
orbit for Uranus. There remained discordances of a fraction of an 
of arc, but additional observations, he felt, could be expected to. 
the problem. It seemed promising at first. 

But additional observations only exacerbated matters. By 1 
failure of Uranus to operate on schedule was so aggravating 
distinguished German mathematician Friedrich Wilhelm 
pressed his opinion that the "mystery of Uranus" would be solv 
the discovery of an outlying planet. He began advocating a se 

Throughout this period, Uranus was running fast. It was con 
and increasingly ahead of its predicted position. Then, just as 
tional errors seemed intolerably large, the problem began to ¥ 
Uranus was running less and less ahead of schedule. For about 
1829 and 1830, Uranus was almost exactly where calculations 


‘Temporarily, astronomers forgot about the planet's many years 


ruly and unexplained behavior. 
Then, just as complacence was setting in, Uranus fell off 
again—but this time it was running slow. Slow, and getting stead 
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Orbit of Uranus 


io explain the problem shifted from observational accuracy 
Eo xm on Uranus, Several forces were proposed and swatted 
down. One idea, revived from Descartes, was that a cosmic fluid with 
vortices filled the space between heavenly bodies. It was discarded, as 
before, because there was no evidence for such a fluid and no way that 
it could bring about the perturbations observed. 

The second idea proposed that Uranus was being disturbed by a large 
satellite. This theory was abandoned because, to produce the observed 
disturbance, the moon would be too big to be undiscovered, and because 
any moon's period of revolution would be too short to cause such long- 
period perturbations ; 

A third proposal was that a comet struck Uranus about the time of 
its discovery, changing its orbit, so that old and new observations could 
not be reconciled because the planet now moved in a slightly different 
path. But this impact theory failed because Uranus was now significantly 
off schedule according to calculations based solely on modern positional 
measurements. 


The fourth proposal was more tenacious: that the motion of Uranus 


From the time of its 
discovery until about 
1821, Uranus moved 
faster along its orbit 
than provided by 
calculations using the 
gravitational attrac- 
tions of the known 
planets. Around 1822, 
Uranus moved as ex- 
pected. Thereafter, it 
moved too slowly. The 
reason was an unknown 
planet beyond Uranus— 
Neptune. 
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Toward an 
Explanation 


couldn't be handled adequately by the law of universal gravitat 
gravity was not universal. Instead, said some scientists, gravity 
as described by Newton on Earth and from the Sun out to 
at greater distances the law needed modification. The intractg 
Uranus was an example of the breakdown of Newtonian physi 
idea, dating from Newton's time, was proffered whenever a s 
scientist encountered a phenomenon or developed a theory the 
immediately seem to reconcile with gravity. Yet in every caseo 
tury and a half, Newton and gravity had prevailed. 
Among those who doubted the universal validity of gravity 
Biddell Airy, appointed astronomer royal of England in 1835. Fort 
part he kept his suspicions quiet, but this bias and his efforts te 
man who fixed Newton's work were to have profound consequ. 
the lives of several astronomers and the history of astronomy. Y 
ly all of the most productive scientists saw ample evidence 
operated in the same way everywhere. 


As the 1830s passed, only one proposal to explain the peculiar} 
of Uranus remained attractive to those gripped by the prob 
Uranus was being disturbed by a more distant planet. 

‘The idea of unknown planets had surfaced without generati 
attention even before Uranus was discovered. In 1758, when 
Claude Clairaut, Lalande, and Nicole Reine Étable de Labriere 
had calculated the date when Halley's Comet would pass close 
Sun on its first predicted return, Clairaut had noted "that ab 
travels into regions so remote, and is invisible for such long pe 
be subject to totally unknown forces, such as the action of oth 
ets, or even of some planet too far distant from the Sun 
perceived." 

Of course, Bouvard had timidly raised the possibility of "s 
traneous and unknown influence" on Uranus that was causing h 
for the planet to fail. By 1836 he had embraced this concept rath 
blaming discrepancies in the orbit of Uranus on observational er 
earlier astronomers. 

Apparently Bouvard had been speculating privately by 1834 ab 
possibility that the course of Uranus was being disturbed 
discovered planet. Thomas John Hussey, an English clergym 
amateur astronomer, raised this possibility with Bouvard ona 
France. When he returned to England, Hussey wrote to George 
to be astronomer royal, that he and Bouvard independently ag 
there must be an outlying planet. Hussey sought advice abou 
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3 iscouraged such thoughts, informing Hussey that 
find it. am ae Ba to the task of calculating the position of such 
mathemat 

janet. 
us ling subject, but I give it as my opinion, without hesitation, that 
pre pa in such a state as to give the smallest hope of making out the 
itis no Yor external action on the planet. .. . But if it were certain that 
mare ny extraneous action, I doubt much the possibility of deter- 

Iud c place of a planet which produced it. I am sure it could not be 

nng the nature of the irregularity was well determined from several 


successive revolutions? 


nother words, since the revolution of Uranus required 84 years, Airy 
was telling Hussey to wait several centuries. . 

835, Halley's Comet arrived at perihelion a day later than predicted. 
Tu o account for this discrepancy, Benjamin Valz wrote: "I would 
to have recourse to an invisible planet, located beyond Uranus; 
A orbit, according to the [Bode's Law] progression of planetary 
distances ‘The planet's perturbations on the comet over four or five 
revolutions might then reveal its location. "Would it not," sighed Valz, 
"pe admirable thus to ascertain the existence of a body which we can- 


not even observe?! 3 

Friedrich Bernhard Gottfried Nicolai responded to the same stimulus 
with almost the same reaction. He observed that the delay of the comet 
in reaching perihelion had been noted previously. "One immediately 
suspects," wrote Nicolai, "that a trans-Uranian planet (at a radial distance 
of 38 astronomical units, according to the well-known rule) might be 
responsible for this phenomenon.’ 

In 1837, Bouvard set his nephew Eugéne to work on collecting new 
position measurements for Uranus to attempt a fresh orbit calculation. 
Eugène wrote to Airy at the Royal Observatory at Greenwich, explain- 
ing that his uncle thought the unruly perturbations were the result of 
an undiscovered planet. Airy replied that he was confident that the prob- 
Jem could be traced to the adopted distance from Uranus to the Sun. 
Tt was too small, he was sure. He urged the young astronomer to con- 
centrate on that possibility instead. Eugène did, and he showed that even 
with a larger orbit for Uranus, there was still no reconciliation between 
Observation and theory. Nevertheless, Airy continued to hold that the 
problem lay in the distance from the Sun attributed to Uranus. Thus Airy, 
who had done much to publicize the discrepancies between the predicted 
andactual positions of Uranus, was increasingly isolated in his opinion 
about the cause. By 1838 the existence of a trans-Uranian planet was 
à major topic in astronomy. 

‘Two astronomers, Niccolò Cacciatore, director of the Palermo Obser- 


30 


PLANETS BEYOND 


vatory, and Louis Francois Wartmann, owner of a private obser 
in Geneva, thought that independently they might have caught 
a planet beyond Uranus.!* 

By the end of the 1830s, most astronomers were convinced tl 
unseen and troublesome planet lurked beyond Uranus. Astronomer 
as Johann Heinrich von Mádler expressed "the hope that analy 
at some future time realize in this her highest triumph, a disco 
with the mind's eye, in regions where sight itself was 
penetrate." 

Friedrich Bessel, who for almost 20 years had blamed the troub 
Uranus on an unseen planet, told John Herschel in 1842 that hea 
student Friedrich Wilhelm Flemming were preparing to attack th 
lem, beginning with a new analysis of positional observations of Us 
But Flemming died suddenly, and soon thereafter Bessel's healt 

In 1841 a young mathematics student at Cambridge Universit 
browsing in a bookstore and came across Airy's 1832 presentation 
predicament. A week later he wrote himself a note in which he res 
to take on the problem as soon as he finished his degree. This youn 
was destined to solve the problem and suffer one of the most excrug 
frustrations in the history of astronomy. His name was John € 
Adams. 


Neptune: 


The Planet Found 
on a Sheet of Paper 


"(The Uranus problem is) not yet in such a state as to give 
the smallest hope of making out the nature of any 
external action . . ." 

George Airy discouraging T. J. Hussey in his hope that Neptune could be 
found by calculation (1834) 


"That star is not on the chart." 
Heinrich d'Arrests response as Johann Galle called off stars in the search 
for Neptune (1846) 


John Couch Adams was lucky to have survived his early education. His 
parents, Thomas and Tabitha, meant well. They were devoted to one 
another and their seven children. John was born June 5, 1819, on a farm 
near Laneast in Cornwall, England, where his father was a tenant farmer. 
The family was "respectable"—not poor, but with very limited means. 
John’s first school was in a farmhouse in Laneast, but at age eight he 
was placed under the tutelage of R. C. Sleep, newly arrived in 
southwestern England, who was known to advertise himself as 


Professor of Caligraphy, Stenography, Mathematics, French, Hebrew, 
etc... 

Mr. Sleep Challenges any man in England for Caligraphy, Stenography or 
the Mathematics. 


Little did Mr. Sleep reckon on finding a youngster like John Adams 
inthe provinces. When the boy was ten, student and "professor" sat down 


for the first time to study from Mr. Sleep's one and only mathematics 
31 
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John Couch Adams at 
about the time that 
Neptune was discovered 
(1846) 

National Maritime Museum 
Greenwich 


Adams at 
College 


book, an old algebra text. John was almost immediately far ahe 
teacher. 
In 1830, at the age of 11, John accompanied his father on ay 
relative in Devon. The relative noted John's precocity in compa 
his own bright son and arranged a competition between Jo! 
town's schoolmaster, who had a local reputation as a mather 
was a humbling experience for the older man. 

The next year, the Adamses removed their son from Mr. Sleeps 
and sent him off to a school in Devonport headed by Tabitha’ 
The school was strong in the classics but weak in mathem: 
age 12, took the matter into his own hands. He spent every po 
ment in the nearby town hall, which housed the library of 
port Mechanics Institute. There he devoured books and ent 
articles on astronomy and, by himself, worked his way throug 
tial calculus. 

He was thrilled by the sight of Halley's Comet in 1835 and 
first scientific publication for a local newspaper on a lunar eclipse: 
Several London papers reprinted the article, much to the del 
author and the local editor. By now John was reading math 
and devising new solutions to the problems presented. He was: 
ly preparing himself for college, not only in his studies but also 
ing the sons of local wealthy families to supplement what litil 
money his family could provide. A local minister who hada Can 
University education and some competence in math helped 
in his scholastic preparation. In October 1839, John, age 20, leftf 
bridge to take the examinations for a sizarship, a scholarship 
financial assistance in exchange for work at St. John's College, 


Unlike the stereotypical gifted student, John was modest and 
He made friends easily despite the class-conscious and comp 

vironment at Cambridge. Archibald Samuel Campbell was 
take the exams and was one of Adams’ first acquaintance 


He and I were the last two at a viva-voce [oral] examination; heb 
ice by asking me to come to his rooms to tea. I went and we natu 
a long talk on mathematics, of which I knew enough to appreciate 
great talent of my new friend. I was in despair, for I had gone 

bridge with high hopes and now the first man I meet is someth 
finitely beyond me and whom it was hopeless to think of my 

there were many like him, my hopes of success were gone. A fe 
periences soon relieved me and I knew what a wonderful man Th 
If I could keep near him in the examinations I should do very 
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‘Adams i ilable i first 
won every scholastic honor available in math as well as 

ize in Greek Testament every year he was at Cambridge. During the 
Fammers he tutored other students to ease the financial burden on his 
parents. But he firmly set aside one month each summer to be with his 


Tn his student diaries, John sometimes rebukes himself for allowing 
his interest in astronomy to distract him from other work. In 1840 he 
and two friends walked from Cambridge to London in 30 hours, in part 
io visit the Royal Observatory at Greenwich. In the spring of 1841 he 
at last permitted himself to tour the Cambridge Observatory, with its 
1175inch (30-centimeter) Northumberland equatorially mounted refract- 
ing telescope. He and his friend Campbell soon returned to examine it 
more closely. A few months later John Adams assigned himself an ex- 
traordinary project that set the course of his life and gave that telescope 
a crucial role in his fature. 

On June 26, 1841, Adams was browsing in a Cambridge bookshop when 
he chanced upon an 1832 report by George Airy that mentioned the in- 
creasing frustration of astronomers with the errant behavior of Uranus. 
A week later Adams wrote a note to himself on a slip of paper: 


1841. July 3. Formed a design, in the beginning of this week, of i 
vestigating, as soon as possible after taking my degree, the irregularities in 
the motion of Uranus, wh[ich] are yet unaccounted for; in order to find 
whether they may be attributed to the action of an undiscovered planet 
beyond it; and if possible thence to determine the elements of its orbit, &c 
approximately, wh{ich] wfoul]d probably lead to its discovery. 


St. John's College, 
Cambridge University, 
as it was when John 
Couch Adams attended. 
The first doorway to the 
right of the tower led to 
Adams’ rooms. 

The Master & Fellows of St. 
Johns College, Cambridge 
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John Couch Adams’ 
memorandum to 
himself on July 5, 
1841, in which he 
resolved to locate, 
using mathematics. an 
undiscovered planet 
that he thought was 
causing irregularities in 
the motion of Uranus 
The Master & Fellows of St. 
John’s College, Cambridge 
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Adams drove straight for his objective. He completed his und 
degree in 1843 by taking first place in the Mathematical Tripos, a 
ordeal of 12 tests, each three hours long, strewn with original p 
of extraordinary complexity. Only the top-ranking students, 
for mathematical honors, were admitted to this examination, wl 
mined postgraduate fellowships and often scientific careers, 
sionally caused nervous breakdowns in excellent students. 

Adams emerged as senior wrangler, the foremost stud 
mathematical science, with a total of 4,000 points, Francis Bas 
went on to assume an endowed professorial chair in mathemat 
ished second with fewer than 2,000. There was a greater gap i 
between Adams and Bashforth than between Bashforth and th 
of the candidates who took the exam. Campbell, by now A 
friend, placed fourth. Adams followed this honor by winning’ 
Smith's Prize, the university's top award in mathematics. He 
elected a fellow of St. John's College. 
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ing of 1843, and Adams was anxious to begin work 

J was now the SPD But he felt obligated to his parents because of 
on the Uranus PE nis education, so he spent as much time as he could 
their sacrifica cand sending the money home to repay his family and 
ii education of his two younger brothers. Only his vaca- 

to help wit allocated to Uranus. Nevertheless, in the spring of 1843 


he outline 


Airy, the a 
T no! 
COR enthusiastically written to him in 1834 that the perturba- 


i inted to the existence of an outlying planet whose posi- 
tM E aaea, Airy strongly lscouraged the idea, insisting 
eee tion of Uranus was still much too poorly known to point 
toward a planet. Even if an outlying planet was disturbing Uranus, he 
doubted that mathematics could calculate the planet's position. Airy 
counseled waiting a few centuries until the planet completed several 
revolutions. And, with characteristic obstinancy, Airy kept his mind 


Yet Airy had been senior wrangler and First Smith's prizeman at Cam- 
bridge in his college days, then professor of astronomy and director of 
the observatory there before his appointment as astronomer royal in 1835. 

James Challis, who succeeded Airy as Plumian Professor of Astronomy 
anddirector of the Cambridge Observatory, had also been senior wrangler 
and First Smith's prizeman in his time (1825). Yet Challis privately saw 
no hope in finding a planet based on the motion of Uranus. As he ex- 
plained later, it was "so novela thing to undertake observations in reliance 
on merely theoretical deductions . . .'¢ 

‘Throughout this period, France and Germany produced a succession 
of noted mathematicians, but no one, until 1845, saw any promise in at- 
tacking the problem. 

In the standard gravitational problem, it was possible, knowing the 
existence of Uranus, to calculate the gravitational disturbance it would 
‘cause in the motion of Saturn. The relative distances of Saturn and Uranus 
from the Sun were known. The relative mass of Uranus wes known from 
the revolution of the first of its moons to be discovered. The positions 
of Uranus and Saturn in their orbits were known from observations and 
hence the distance and direction from which the gravitational force of 
Uranus would be exerted. Using these factors to calculate the perturba- 
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tion in Saturn's motion caused by Uranus was tedious and re 
but it was straightforward, thanks to Newton. 

What Adams had to do was to solve the problem in reverse: 
irregularities in the motion of Uranus. Subtract the perturbation, 
by its moons and by Jupiter and Saturn. Now use the ren 
larities to deduce exactly where the disturbing force is comin; 
fast and along what path that body is moving, how far away; 
how massive itis. It was an intimidating project. If the disturba 
coming from a more distant planet, that planet would also b 
around the Sun and therefore its distance and position with e 
Uranus would be constantly changing. Thus the direction and 
of its gravitational force would always be changing too. Ne 
calculate the position, orbit, and mass of the disturbing planet, 
sure that the unseen object moves along its path so that it causes] 
the perturbations recorded in the motion of Uranus at 
throughout its observed history. 

Of course, the farther away the disturbing body is, the 
it must be to cause those perturbations. But there is no way of 
the distance or mass of the disturber at the beginning. So start bya 
a distance. Adams did the obvious and picked 38.4 astronomic 
twice the distance of Uranus and in good agreement with 
tion of that mysterious but thus far effective Bode's Law. 


elliptical path. Finally, use the calculated orbit for the new planet 
where it can be found in the sky for confirmation by tel 

To handle all the simultaneous variables, the problem reqi 
vention of a new form of mathematical analysis. There we 
people capable or willing to face that challenge. 4 

By October 1843, at the age of 24, Adams had produced a pi 
solution of the problem that confirmed the existence ofa pla 
Uranus. He shared the results with Challis and asked his help in 
ing the best and latest positional observations of Uranus from the 
wich Observatory so that by mathematics he could pinpoint w 
unseen planet could be found. Challis wrote to Airy, the astr 
on February 3, 1844, to say that Adams was working on the U; 
lem and to request the data Adams needed. Airy responded (o 
with a wealth of information and an invitation for Adams to WE 
directly. 

Adams continued his efforts diligently as time permitted, but 
slowed by his tutorial workload. The Göttingen Academy of Scien 
offering a prize for the best mathematical paper on Uranus and! 
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Hallowes Miller urged him to enter, but Adams didn't have the 
Mite up his work in progress. —— i 
mer of 1844, Adams was working fitfully on his second 
By the SW attempted to merge the best current Greenwich obser- 
n Uranus with the old prediscovery plottings and to determine 
yation eval rather then a circular orbit for the disturbing planet. 
an elip september 1845 he had completed his new solution to the 
BIS em. He could not know it, of course, but the position he 
EB for the unknown planet was accurate to within 2 degrees. 
di he gave his results to Challis, including the predicted position 
Eus that moment and for the next two years everything that could 
um with Adams' professional career did. 


to 


Challis, ssessed excellent mathematical credentials himself, knew 
é E esas for brilliance. Here, confronted with emphatic evi- 
dence of Adams’ skill, Challis might have immediately undertaken a 
telescopic search or at least advised the young man to publish his results. 
He did neither. Instead he suggested that Adams send his results to Airy. 
‘since Adams was about to leave on his monthlong visit home to see his 
family, Challis provided a letter of introduction so that Adams could 
deliver his findings to Airy personally. 

‘Adams arrived at the Greenwich Observatory at the end of September 
and found that Airy had gone to Paris for a meeting of the French In- 
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stitute on a harbor-improvement project for the port of Cher 
Adams left his letter of introduction and went on to Cornwa 
return from France, Airy wrote Challis that he was sorry to 
Adams, that he was very much interested in the subject, and that 
welcome correspondence. 

Adams returned to Greenwich on October 21, 1845, on his 
to Cambridge. It was early afternoon, and Airy was in London ata 
on the standardization of railway track gauges for Britain, 
expected back soon. Adams left his card and a short stateme 
results, saying that he would return later. The card was probably 
to Mrs. Airy, who may have forgotten to pass the message 
band. Richarda Airy could have had a lot on her mind. A 
she gave birth to their son Osmund.e 

Airy returned soon after Adams left, and at precisely 3:30 in 
noon he and his wife sat down to dinner. It was Airy's uniq 
publicized custom to have dinner in the middle of the afternoon! 
his doctor had prescribed this ritual for his supposedly frail pati e 
lived to age 90). 

Adams returned an hour later, as promised, with the hope of 
the astronomer royal at lest and discussing what he had accomy 
He was met at the door by the butler. Dr. Airy was at dinner an 
not be disturbed. No, the astronomer royal had left no messag 
young man. What could Adams think? Airy knew his name f 
respondence with Challis. Airy had his letter of introduction fror 
Airy had the summary of his research. The visitor had timed his 
to be far from the traditional dinnertime or even teatime. Adamski 
ly disappointed,” 
The astronomer royal may have been unaware of Adams’ tre 
in his three thwarted visits, but he was in possession of Adams! 
The astronomer royal was unimpressed. His attitude toward Ad 
probably compounded of two factors: his dislike of the theore 
proach to scientific research and his snobbishness. 

Despite his considerable mathematical abilities, Airy thou 
astronomy and all science should proceed by collecting obse: 
then using mathematics as the language to express the findings, 
cedure should not be reversed; mathematics should not be us 
toward observational breakthroughs. Such a theoretical appı 
just playing with numbers. A mental game with no basis in 
waste of time. He distrusted and even intensely resented such 

Airy's unresponsiveness to Adams was also a product of the 
bishness he had cultivated from his youth. In his view there w 
kinds of people in the world: those who had succeeded and tho 
had not. Successful people were potentially of use and therefor 
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d not succeeded or had not yet succeeded (such 
iss gm of little use and therefore not worthy of 
nse a one week later, Airy showed Adams’ note summarizing 
N illiam Rutter Dawes, a clergyman, physician, and extreme- 
ec bserver. Dawes was impressed, but perhaps because 
siia m furnishing his new observatory, he did not under- 
he was ere CA himself. He did, however, pass the information and the 
lakes seit jicted position along to William Lassell, a successful brewer 
m zen e builder of a 24-inch reflector—the largest opera- 
Er at that time in England. Dawes recommended that Las- 
lionaltelesc pe project. Lassell would have liked the challenge, but he 
Eu bed with a severely spraimed ankle, Before be could 
E eins the letter had disappeared and Lassell lost the 

bo 

oppor positive reaction to Adams! work impressed Airy not at 

Die astronomer royal, compulsively orderly and prompt, who always 
BE ris mall immediately; remained so negative to Adams’ work 
that he delayed his response to Adams! paper. On November 5, 1846, 
more than two weeks after Adams had been turned away from his bor 
‘Ary finally replied to the young man with a rejection in the form o : 
question. Referring to Adams’ calculations as assumptions, Airy aske 
Whether Adams! work could explain why Uranus was slightly farther 
from the Sun than previously calculated. From Adams point of view, 
the question was trivial and besides the point. Adams research could 
specify the location of the planet disturbing the motion of Uranus. Re- 
centobservational data had shown that Uranus was moving more slow- 
ly than expected. According to Kepler's third law, the slower a known 
planet moves, the farther it must be from the Sun. But the problem at 
hand was the location of the planet disturbing Uranus. The observed mo- 
fion of Uranus, whether slow or fast, formed the data from which the 
location of the disturbing planet was calculated—and [nis was visl 
Adams had accomplished. Airy's question was essentially irrelevant. 

What was b ct was that Airy had completely and inexplicably 
misunderstood the essence of Adams! work. Adams had calculated the 
Tanet's existence from royal observatory data that Airy had furnished. 
He had not assumed that the planet existed and guessed at a possible 
orbit. Airy knew this from the letter of introduction that Challis wrote 
for Adams, which emphasized that the young man had calculated a planet 
beyond Uranus using observational data that Airy himself had furnished. 
The letter also acknowledged Adams as a very competent mathemati- 
ian, Airy must have read Adams! summary in a most cursory manner. 

Ashe looked at Airy's reply, Adams saw no flicker of recognition or 
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interest in his project, which the astronomer royal had known 
a year and a half. There was no offer to undertake a search, Th 
no suggestion that his work was worth publishing. With no int 
a search expressed by Challis or Airy, Adams was uncertain 
ceed. He didn't respond immediately to Airy's inane questionjà 
he resolved to rework his calculations to get a prediction so iy 
that it could not be ignored. 

Adams’ failure to reply immediately gave Airy just thee: 
to drop the matter: "Adams' silence . .. was so far unfoi 
interposed an effectual barrier to all further communication. It 
impossible for me to write to him again." 


The erratic motion of Uranus bothered French, German, and oth 
On the 3 

n pean astronomers no less than the English. The dean of 
Continent astronomers was Jean Dominique Francois Arago. He was popu 


GEORGE BIDDELL AIRY: ASTRONOMER ROYAL 


Young George was not popular with his classmates a complete daily record of his activit 
at school because, he said, he had very little "animal thoughts. His financial accounts were 
vitality." He wasalso snobbish and conceited. But kept by double entry throughout his 

his classmates endured him when he created useful 
gadgets for mischief such as peashooters. 

At the age of 12, George, already concerned for 
his own advancement, conspired with hismother's merchants in chronological order. A « 
brother, a wealthy and well-educated farmer, to Cambridge quipped, "if Airy wiped his} 
adopt and hide him from his family without in- piece of blotting-paper, he would duly end 
forming them so that he would have better social blotting-paper with the date and partic 
contacts. His father, depressed over the loss of his use, and file it away amongst his paper 
job with the tax office, declined to block the As a fellow of Trinity College in 1824, 
arrangement. 

At the age of 18, Airy was off to Cambridge refused to accept an assistantship at 
University with a scholarship and a very high opin- Observatory because assistants had not 
ion of himself. He made no friends, and professors ly been promoted to the post. Instead he 
judged his abilities to be limited, but Airy worked way upward through professorships at Cam 
doggedly and carried off the two big science and campaigning successfully for higher payl 
mathematics prizes as senior wrangler and First 
Smith's prizeman in 1823. He thought well enough 
of himself by this time to write his first 
autobiography. At the University Press, 1896) p. 2. 

Just as meticulously as he recorded his younger “Tis story told by Augustus De Morgan, appears in E. 


days, so he carefully plotted his future life. He kept — faros nei T Greenview (London: Religions 
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; f his clear, enthusiastic, and engaging way of explain- 
the public eas popular with astronomers because he liked to iden- 
Scenes ing scientific problems and pass them along to young 

tify intere for solution. He would then encourage and assist them with 
a on and his encyclopedic knowledge of the scientific literature, 

tis ago helped to find them jobs. 

He also “summer of 1845, Arago urged Urbain Jean Joseph Le Verrier 
Inthe stthe problem of the motion of Uranus. Arago was a shrewd 

to take of ont who could pair the scientific difficulty of a problem with 

Judge O lectual capability of a scientist. 

the i errer, like Adams, had come from a family of modest means in 

a provinces. He was born in Saint-L6 in Normandy on March 11, 1811. 

Fisher en estate manager, did all he could to foster his son's intellectual sean Joseph 

its, and Urbain responded by reaching the top of his class at high Urbain Je 
Bipool in Caen. He then took the highly competitive exam for the École Roy Greenwich 
Polytechnique in Paris, but there were gaps in his provincial education ^ Observatory 


Under his direction the Royal Observatory was a 
superb servant of the Navy, providing tables for 
celestial navigation of improved precision. Green- 
wich expanded into meteorological and magnetic 
record keeping. But among staff members, Airy 
tolerated no independent thought or research. 
Observers were often required to work 21 hours 
straight. Young boys hired to do arithmetic calcula- 
tions were kept at their desks for 12-hour shifts 
with no breaks except for one hour at midday. 
Morale was poor. But Airy's efficiency and dis 
pline at the Royal Observatory were admired in 
England and copied by many other countries, 
which led years later, particularly in England, to a 
conspicuous lack of creativity in observational 
astronomy. 

Airy declined knighthood three times, complain- 
ing about the initiation fees and the cost of main- 


George Blddell Airy, astronomer royal 
National Maritime Museum Greenwich 


‘George Bitte Ay Autobiography edited by Wid AG 


he received the call he expected as the seventh 
astronomer royal. He immediately set to work 
restructuring the Royal Observatory in his mold. 
Airy was an organizer rather than a scientist.’ 


“Olin. Eggen, "Georg Biddel Airy,” Dictionary of Scientific Biograph 
New York: Charles Scribner's Sons 1974). nó "cd 


taining the expected life-style, but finally accepted 
the honor in 1872. He retired as astronomer royal 
in 1881 at the age of 80 and spent his remaining 
ten years filing (but not organizing the contents of) 
his papers. 
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Francois Arago, director 
of the Paris Observatory 
Royal Greenwich 
Observatory 


and he was not admitted. Urbain's father thereupon sold the 
for cash to enroll his son in the Collége de Saint Louis in 
tional preparation in 1830. Urbain rewarded his father's s 


below the first rank of scientists. He graduated with highe; 
wide range of scientific interests, and a reputation for tenaci 


career in chemistry, and his objective was to work with reno 
Joseph Louis Gay-Lussac. Le Verrier fell so in love with Paris, 
wife that he left government service two years later rather 
the usual tour of duty in the provinces. He spent a year 
then rejoined Gay-Lussac when his mentor was appointed to 
Polytechnique faculty and created an assistant's position for 
Le Verrier's first published papers were in chemistry. Gay- 
talent there, but even greater skills in mathematics. When 
ship in astronomy opened at the Ecole Polytechnique in 1837, he 
for Le Verrier to be appointed and encouraged his colleague, n 
old, to switch fields. Le Verrier did, studying astronomy 
characteristic ferocity and applying his mathematical incisiver 
He worked extremely hard so that his initial publications in a 
would be worthy of his distinguished predecessor Félix Savat 
mentor Gay-Lussac, and of his own high standards. Le Ver 
papers showed extraordinary analytical powers, and he was be 
(as most promising young scientists were) by Arago in 1840 
Arago gave him the problem of the motion of the planet Me 
was always ahead of where its calculated orbit predicted ity 
Le Verrier worked on the problem for three years and expl 
of the variance as perturbations caused by other planets. But he 
with a small discrepancy that he could not explain. 
With the Mercury problem initially intractable, Le Verrier tu 
attention to cometary orbits with great success. In June 1845,A 
proached him again—this time with the most difficult and 
puzzle facing contemporary astronomers: the motion of Uranus 
rier was now 34, eight years older than Adams. He was already 
tionally known for his mathematical analysis of astronomical p 
Le Verrier began with an exhaustive analysis of the motion 
as presented in Bouvard's Tables. On November 10, 1845, L 
presented to the Paris Academy of Sciences the first of three 
Uranus. It dealt exclusively with old and modern observa 
demonstrated that they were irreconcilable—there really was; 
with the planet's motion, not with the quality of the obs 


when 
"Meanwhile, 
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nced, analyze those outside causes in a second paper 
would, Er vointed out that Bouvard was wrong in ignoring the posi- 
soon Hes emus observed prior to its recognition as a planet. 
oe Seber 10, 1845, while Le Verrier was giving his preliminary 

p» oject that Arago had encouraged him to undertake, Adams 
Eo He PE stronomer royal's most discouraging response to his 

receiving where a new planet could be found. 
E Es. intentional or careless, was compounded a few weeks later 

‘The nsw “ited Challis at Cambridge University. Neither Challis nor 
AMI Adams to meet Airy at last and discuss his work with him, 
iw lile, in France, Le Verrier was hard at work preparing his sec- 

us. He presented it to the Paris Academy of Sciences 
B Pas this eos demonstrated that the irregularities in the 
on Jane Uranus could be induced only by an unknown planet farther 
cm Sun. What had been suspected now had a solid mathematical 
ass that bad been announced to a wide scientific community. — 

e Verrier then went on to calculate the planet's position, ending with 
the hope that "we. will succeed in sighting the planet whose position I 
have just given.” The academy praised this new analysis, but to Le 
Verrier's amazement, no one offered or even suggested that a search 
should idertaken. 

E se a copy of Le Verrier's second paper on June 23 or 24, 
1846. He immediately noticed that Le Verrier's prediction agreed to with- 
jnone degree of Adams: "To this time," wrote Airy, "I had considered 
that there was still room for doubt of the accuracy of Mr. Adams's in- 
... But now I felt no doubt of the accuracy of both 

vs 

Airy responded immediately with a letter to Le Verrier expressing en- 
thusiasm and delight. Le Verrier was eight years older than Adams and 
‘an established scientist. He was worthy of notice. Airy's response was 
‘also in character, wrongheaded and neglectful. Had Le Verrier considered 
thepossible need to modify the length of the Uranus radius vector (the 
‘Sun-to-Uranus distance]? It was the same inane question he had asked 
Adams. But Airy didn't bother to mention that Le Verrier's fine work had 
‘been matched eight months earlier by a young mathematician at Cam- 
bridge. And, of course, Airy did not bother to share his "delight and 
Satisfaction" with Adams. 


Airy must have been even more impressed than his reply to Le Verrier 
indicated, because three days later, when the Board of Visitors (the com- 
mission that conducted periodic inspections) of the Royal Observatory 
‘eonvened at Greenwich on June 29, Airy proclaimed "the extreme prob- 
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ability of now discovering a new planet in a very short time . 
confident because Adams' and Le Verrier's calculations of th 
of the planet disturbing Uranus coincided so closely. Still Airy 
effort to notify Adams, nor did he bother to authorize a search 
on this board, hearing these words, were James Challis a 
Herschel. # | 
Upon hearing this news, Challis behaved inexplicably. Inst 
recognizing the opportunity that had been staring him in the£ 
year, instead of starting a search on his own, Challis now lostw 
little interest he had in the matter and what little confidence fy 
Adams’ predictions. Perhaps he thought that Airy had pre 
project. 
Le Verrier received Airy's reply on June 28. Since he had de 
Airy only a few times previously, he was impatient rath 
couraged. He immediately informed Airy in firm icy tones 
tronomer royal's question was irrelevant because his calculatio 
with perturbations on Uranus and where they were coming 
the exact distance of Uranus from the Sun was corrected f 
matically.” Having dismissed the astronomer royal's obje 
rier went on to offer to send specially calculated position pr 
simplify the quest for the new planet if Airy had “enough 
in my work to search for the planet in the sky..." Airy 
offer on July 1 and again responded immediately. He decline 
rier's offer because, he said, he was about to leave for bi 
continent. His trip was actually scheduled for August 10, five a 
weeks away. 
The next day Airy again visited Cambridge University. He was 
company of visiting astronomer Peter Andreas Hansen, direct 
Seeberg Observatory near Gotha, Germany (which Zach had 
build and had directed). Despite Le Verrier's recent letter a 
his own statement to his observatory's Board of Visitors that th 
motion of Uranus would soon lead to the discovery of a new plai 
astronomer royal made no effort to contact or meet with A 
pened anyway, but accidentally. That evening Airy and 
countered Adams on St. John's Bridge. Airy introduced Adams t 
but was very cool and made no mention of Adams’ calcula 
new planet. He cut off the conversation after about two 
moved on. 
A few days later, on July 6, Airy spent some time at Ely with 
Peacock, his old professor at Cambridge, and the subject of Ura 
broached. Airy told his mentor about his correspondence. 
dumbfounded by his former student's negligence and urged 
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t the message, and three days later, on July 9, he wrote 
fe to request an urgent search. Presuming Challis answer 
(Challe, because such a project would likely be time-consuming 
OU benesi offered an assistant from the Royal Observatory to help. 
and tedious, Air ry, was ‘almost desperate," neglecting to acknowl. 
E 7 had delayed a search for nine months, 
edge that ater, without waiting for Challis to reply, Airy wrote again, 
Four days ding him a complete set of instructions for the search. 
this time et emergency unpostponable observations should be allowed 
oaks Airy, because "the importance of this inquiry exceeds 
m current work . . ." 
Cd Beh tom Cambridge whan the letters arrived, When he 
‘ed, he was of course offended by Airy's imperious and condescend- 
rener, In bis reply of July 18, Challis told Airy that he had already 
Aid to look for the planet himself and therefore declined an assistant. 
Tt made sense for the Cambridge Observatory, rather than the Green- 
wich Observatory, to conduct the search. Greenwich primarily had transit 
Telescopes, which could pivot up and down but not side to side. They 
Were locked into position along the meridian so that they could observe 
tuactly when a star, planet, the Moon, or the Sun crossed the north-south 
line for purposes of calculating time, longitude, and orbits. The Cam- 
iridge Observatory had the L1.75-inch (30-centimeter] Northumberland 
Telescope, equatorially mounted so that it could be aimed at any point 
{nthe sky and with more than enough light gathering power for this kind 
of search. 


But for the next week and a half Challis did nothing. Then, late in July, 
Challis told Adams of the projected search. Adams provided updated posi- 
tion predictions for the planet and gave Challis very encouraging news: 
The planet should be large enough to show a disk. Thus a careful observer 
would be able to recognize the new planet as other than a star without 
having to wait a day or so to see if the suspected object moved among 
the background stars. 

On July 29, 1846, Challis began his search, resigned to the prospect 
of a long tedious, and fruitless task because mathematics was no way 
to find a planet. Placing no confidence in the quality of Adams’ or Le 
Verrier's calculations and ignoring Adams’ advice that the planet should 
show a disk, Challis agreed with Airy that it was useless to concentrate 
‘en the positions that Adams and Le Verrier had predicted. Instead he 
Prepared to search a swath of sky 30 degrees long and 10 degrees wide— 
1S degrees to the east and west and 5 degrees to the north and south 
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of the predictions. Challis’ plan was to sweep this region st 

ing all but the dimmest stars, and then to return to that region a fg 
later to reexamine each star to see if one had moved. Such a se 
require mapping at least 3,000 stars and would consume at least 

of telescope time—epproximately eight straight weeks of goodg 
ing weather. This was the only way, unless he was to value th 
of Adams and Le Verrier and concentrate his search on the r 

sky where they predicted the planet would be. If he had, his effort 
have succeeded within a few nights. 

On August 12, 1846, two weeks into his search, but on only hisi 
night of acceptable observing conditions, Challis and his assi 
corded in his notebook the new planet almost exactly wher 
predicted. But Challis failed to recognize his target. 

Le Verrier's second paper, identifying an outlying planet as 
of Uranus’ peculiar motion and predicting its position, circulat 
ly. Sears Cook Walker, a young astronomer at the United States 
Observatory in Washington, DC., read of Le Verrier's work and ptg 
to search. But Matthew Fontaine Maury, superintendent of 
vatory, rejected the proposal because of his facility's heavy sch 


Le Verrier kept pushing forward. On August 31, 1846, he present 
third and final paper on Uranus to the Paris 
time laying out the orbital elements, the mass, and the posi 
planet that was disturbing Uranus. His refined positional cal 
fered only slightly from his previous prediction. The planet, he said 
about 5 degrees east of Delta Capricorni. To encourage a search, Ia 
rier stressed that the planet was just past opposition—closest 
and visible almost all night long. The planet was big enough to. 
disk, so that a long, tedious mapping of stars would not be neces 
He received polite applause from his scientific audience and, once: 
not a single offer to search for the planet from any astronomer, 
his champion Arago. 
Adams did not know of Le Verrier's third paper when, on 


ther his prediction of where the disturbing planet would be for 
calculation explicitly included a correction for the distance of U 
from the Sun, the matter about which Airy had previously expres 
cern. Airy was now actually away on his trip to the continent, and At 
received a mindless reply from Robert Main, Airy's chief assistar 
fering more observational data on Uranus. 
Adams now at last resolved to lay his work before the scienti 
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E 
‘ny, He decided to present his findings at a meeting of the British 
X jon for the Advancement of Science in Southampton in mid 
Associa But when he arrived on September 15, he found that there 
Septem confusion in the conference announcement. The astronomy 
had bed already concluded, and there was no other appropriate forum 
ssh. The irony was overwhelming when Adams heard that John 
fo achel had opened the conference with his valedictory address as presi- 
eat the association by heralding the prospect of a new planet: "Its 
ents have been felt . . . with a certainty hardly inferior to that of 

ocular demonstration." i Jes 
In France, Le Verrier was also frustrated. His countrymen praised his 
mathematical virtuosity, but no one was willing to invest time in a search. 
forthe planet. Airy in England hed declined to search, as far as he knew. 
Then Le Verrier remembered a doctoral dissertation he had received from 
Johann Gottfried Galle, an assistant at the Berlin Observatory. Almost 
I year had passed and Le Verrier had failed to acknowledge the gift. On 
September 18, 1846, Le Verrier picked up his pen, praised the young 
asronomer, and enclosed his position predictions for the new planet with 

the request that Galle attempt a search. 


‘The letter reached Galle on September 23, 1846, He rushed into the of- 
fice of Johann Franz Encke, the director of the Berlin Observatory, to 
request permission to use the institution's fine 9-inch (23-centimeter) 
refracting telescope for the project. It took considerable pleading before 
Encke gave way. It was Encke's birthday and he intended to celebrate 
at home with his family, so he had no personal plans for the telescope 
that night. Heinrich d'Arrest, a young graduate student at the obser- 
vatory, overheard the discussion in progress, boldly joined in, and begged 
tobe allowed to help. "Let us oblige the gentlemen in Paris," said Encke 
finally, and departed.” 

Galle and d’Arrest could scarcely wait for nightfall. They opened up 
the observatory dome and started looking for the new planet. As d'Arrest 
stood by, Galle searched the region around the position specified by Le 
Verrier—right ascension 21 hours 46 minutes, declination —13 degrees 
24 minutes—in hopes of identifying the planet by its disk. But the planet 
was not immediately evident in the field of view and in surrounding fields. 

Then d'Arrest suggested that they use a star map and compare stars 
inthe sky with those on the chart to find one that wasn't plotted. Galle 
Was reluctant. The star maps he had been using (such as those by Carl 
Ludwig Harding) were not very reliable. Nevertheless, there seemed to 
be no other choice. 


Johann Galle 


Berlin 


Johann Encke, director 
of the Berlin 
Observatory 
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The Berlin Observatory 
as it was about the 
time that Neptune was 
discovered 


Galle and d'Arrest hunted through the map files. There, to their del 
they found an excellent new chart of the region in Aquarius 
needed. They had not known that this particular map existed. Prepa 
by Carl Bremiker, their own observatory's staff mathematician and: 
maker, this chart was a product of the Berlin Observatory's involyen 
with other German observatories in a full-sky mapping proj 
augurated in 1830 at the urging of Friedrich Wilhelm Bessel to he 
the search for more asteroids. (No new minor planets had been di 
since 1807.) Bremiker's chart of Hora XXI (right ascension hour 2] 
one hour to either side] had been printed earlier that year but 
yet been released for distribution, possibly so that the Berlin Observe 
could enjoy a temporary advantage. 

The two astronomers went back to work: Galle with his eye tg 

telescope, calling out each star in his field of view; d'Arrest off in aj 

ner with a dim lamp shielded from Galle's eyes, matching each 

it was announced with one of the right position and brightness on th 
"On the chart," he would respond. Galle would call another. 
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"On the chart," d'Arrest would say again. 

Galle moved the telescope slightly to widen the search by one degree 

and resumed calling. 
“Qn the chart," came the answer. 
"Right ascension 21 hours 53 minutes 25.84 seconds; magnitude 8,” 
said Galle. 
"That star is not on the chart," said d'Arrest. 
They bad examined only a few stars. It was under an hour since they 
started observing. The object was less than one degree from where Le 
Verrier had predicted." 
They ran to find Encke, breaking up the birthday party. The three of 
them observed until the carly morning hours when the object set, but 
they could not yet be sure that it was moving against the background 
stars, nor could they be sure that it showed a disk. 
Encke joined Galle and d'Arrest for the commencement of observing 
the next night, September 24, 1846. The observing conditions were even 
better than the night before. The first look told the story. The object had 
moved. Moveover, it displayed a tiny disk, just as Le Verrier had predicted. 
Galle sent notification to Le Verrier the next morning, September 25, 
beginning exuberantly, "The planet whose position you have pointed out 
actually exists."?? Concluding his praise for Le Verrier, Galle suggested 
that the new planet be named Janus. 

‘Meanwhile, Encke began notifying the German astronomical communi- 
ty, with credit for finding the planet to Galle and himself, while omit- 
ting acknowledgment for the graduate student d'Arrest. 


Star map by Carl 
Bremiker that Johann 
Galle and Heinrich 
Arrest used to find 
Neptune. The position 
circled is marked 
Neptun beobachtet 
("Neptune observed"). 
The position with a 
square around it is 
labeled Neptun 
berechnet ("Neptune 
calculated"). 

Archive of the Arctenhold 
Observatory 


‘The Berlin Obser- 
vatory's 9-inch refract- 
ing telescope with 
which Johann Galle and 
Heinrich d'Arrest found 
Neptune, based on the 
calculated position fur- 
nished by Le Verrier. 
The telescope is now on 
display at the Deutsches 
Museum in Munich. 
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Meanwhile . . . 


France 


News of the planet's discovery reached Airy while he was stillg 
continent, returning the visit of Peter Andreas Hansen at the $e 
Observatory he directed near Gotha. It was September 29, 
before the news reached England. Airy's reaction was not r 

Meanwhile, in England, James Challis was plodding along 


copy of Le Verrier's third paper on Uranus, giving the position 
unknown planet and the prediction that it would exhibit a disk, 
had ignored that suggestion when it came from Adams but now he| 
looking for the disk. That very night, he found an object witha dig 
noted its position, but didn't bother to follow up—to examine th 
at higher magnification to be sure. Perhaps the next evening. 

At dinner on September 30, Challis mentioned the search ai 
disk he thought he saw to the Reverend William Towler Kingsley 
Sussex College. Kingsley surprised Challis with his great exciter 
asked to see it for himself at a higher power. Challis proposed a lool 
dinner. They reached the observatory building, which also serv 
Challis home, under clear skies. When they arrived, Mrs. Challis in 
on serving them tea. By the time they finished their refreshn 
sky had clouded over. The days that followed, Challis felt, 
the Moon interfering with observations in that part of the sky, so 
vations were attempted. 

On October 1, 1846, the Times of London announced the dise 
of the new planet, confirmed by John Russell Hind, an observer in 


the moonlight and hazy skies. 

Challis reexamined his records and found that he had seen the 
planet twice in his first four days of searching but had not 
it. In a letter to Airy, he confessed: "after four days of observing, 
was in my grasp, if only I had examined or mapped the obse 
He had seen it again as a disk on September 29. 


In Paris, Le Verrier was soaking up the adulation and pondering a’ 
for the planet. On October 1 he wrote to Galle: "I thank you 
for the alacrity with which you applied my instructions to your o 
vations of September 23rd and 24th. We are thereby, thanks 
definitely in possession of a new world." 
But Le Verrier was annoyed by Galle's suggestion of the n 

‘That was trespassing on the discoverer's right to name the plant 
appended a postscript to the letter stating that the French Bure 
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‘tudes had named the planet Neptune. It was not true. The idea was 
Siers. He may have mentioned it to friends of his at the bureau 
"inoificially thought the name a good one, but the bureau had no 


who ole in assigning astronomical names. Le Verrier was content that 


official 


te had headed off Galle's proposal with one that seemed to carry the 
- he 


weight of authority. 
But during the next few days Le Verrier had a change of heart. He de- 


cided that the planet should be named after himself. Yet he had already 
sent out notifications of his previous choice of the name Neptune to a 
Sumber of astronomers. How could he undo this damage? 

He went to see Francois Arago, the dean of French science, his friend, 
and the man who had sent him on the quest for this suspected planet. 
Arago wes reluctant at first. He thought Neptune was a sensible name. 
But he was so impressed with Le Verrier's work that he agreed, on one 
condition: He would propose and urge the adoption of Le Verrier as the 

jel's name if the name of Uranus could be changed to Herschel (the 
same the French had originally proposed when Uranus was discovered). 

Tt was a shrewd political approach. It was also very awkward and 
unseemly. Le Verrier's collected papers on Uranus, nearing publication, 
received a new title: Recherches sur le mouvement de la planète Herschel 
[dite Uranus) (Research on the Motion of the Planet Herschel [called 
Uranus}), but the text of the article was too far along for alteration and 
used the name Uranus exclusively. Le Verrier appended a note: "In my 
future researches, I shall consider it my strict duty to eliminate the name 
Uranus completely, and to call the planet only by the name Herschel.” 

On October 5, Arago announced to the Paris Academy of Sciences that 
Le Verrier had invited him to name the new planet and that he had chosen 
the name Le Verrier. He made the best possible case for this choice in 
an emotional speech. Comets were named after their discoverers. Why 
not planets, which are much greater discoveries and particularly this 
planet, found by such "an admirable and unprecedented method." So 
the planet Uranus ought to be called Herschel, and the asteroid Juno ought 
to be Olbers (to satisfy English and German pride}. Such names, he 
argued, represented legitimate patriotism. 

The idea was harshly rejected by the international astronomical com- 
munity, which had already informally adopted Le Verrier's original sug- 
gestion of Neptune. For the moment, the most serious problem had 
become the name for the planet. 

LeVerrier and his admirers strutted their victory for the glory of France. 
Letters poured in. H. C. Schumacher's comment on Le Verrier's work 
Was typical: "It is the most noble triumph of theory which I know of.'5 
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The English 
Claim 


John Herschel 


Courtesy of Special Collec- 
tions, San Diego State. 
University Library 


Little did the French expect that the English were about to rain g 
parade. John Herschel wrote to set the record straight and gi 
appropriate credit. Airy and Challis wrote to exonerate thems 
to stake out their places in history. 

On October 3 an article by John Herschel appeared in the 
ly magazine Athenaeum. After congratulating Le Verrier, Herschel, 
his speech three weeks earlier at the meeting of the British 
for the Advancement of Science in which he forecast that the pr 
planet would soon be found. Just one such calculation would 
given him the confidence to make that prediction, he explained, 
heard from Airy that Adams had made a similar calculation 


But it was known to me, at that time, (I will take the liberty to ci 
Astronomer-Royal as my authority) that a similar investigation h 
independently entered into, and a conclusion as to the situation of 
planet very nearly coincident with M. Le Verrier's arrived at (in 
ignorance of his conclusions), by a young Cambridge mathemat 
Adams—who will, I hope, pardon this mention of his name (the 
ing one of great historical moment)—and who will, doubtless, in 
good time and manner, place his calculations before the public. 


On October 5, Challis wrote to Arago to say that he had beer 
ing for the new planet since July 29 and that, upon receiving Le 
third paper on September 29, he searched for and found that night 
with a disk—prior to his hearing about the Berlin Observatory diso 
six days earlier. Challis was trying to grab a bit of the fame for hi 
What Challis omitted from his letter says much about his 

He did not mention that the search that he began on July 29 was 
on Adams’ computations. In fact, Challis made no mention of. 
and his work at all. Challis also neglected to admit that he had 


identify the new planet when he saw it on September 29. 
While the astronomers involved were congratulating or po 
themselves, other observers were examining the new object. 
Lassell, the brewer and amateur astronomer who might have 
Neptune a year earlier if he had not been incapacitated by an a 
Jury and if his copy of Adams’ position predictions had not b 
went to work examining Neptune with his 24-inch (61-centimeter| 
tor. On October 10, 1846, two and a half weeks after Neptune wa 
Lassell discovered that Neptune had a moon. But before this me 
be positively confirmed (there weren't many other telescopes 
of seeing so faint an object], the Sun intruded too close to the 


" On October 1 
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= 
nin the sky for favorable observation. The moon of Neptune, now 


Ps "Triton, was not confirmed until July 1847. 


4, 1846, it was Airy's turn to stake out his position. He re- 
d A : na 
ied he was trapped and was trying to shape the circumstances to 

Eu He began his letter to Le Verrier with effusive congratula- 

E Then came the bombshell: 


1 do not know whether you are aware that collateral researches had been 
going ox in England and that they led to precisely the same results as 


yours. 


Of course, Le Verrier didn't know of Adams! work. During his cor- 
sespondence with Le Verrier on Uranus and its unseen disturber, Airy 
had deliberately withheld mention of Adams. Then Airy tried to have 
his cake and eat it too, and in so doing, he committed another inexcusable 
denigration of Adams! work. 


I think it probable that I shall be called on to give an account of these. If 
in this I shall give praise to others, I beg you will not consider it as at all 
interfering with my acknowledgements of your claims. You are to be 
recognized beyond doubt as the real predictor of the planet's place. I may 
add that the English investigations, as I believe, were not quite so exten- 
sive as yours. They were known to me earlier than yours. ^ 


Bvenso, Airy, in his letter, still could not bring himself to mention Adams 
by name. 

Finished with that, Airy continued his maneuvers. He answered a let- 
ter from Chellis in which the Cambridge professor reported on his failed 
search and then suggested the name Oceanus for the new planet. Airy 
pretended to be unconcerned about the failure—"these misses are 
sometimes nearly unavoidable''—and then went on to recommend that 
Challis present the name Oceanus to Le Verrier, even though Airy had 
privately and in correspondence lent the weight of his opinion to the name 
Neptune and even though he knew that Le Verrier already had his own 
name in mind for the planet. It wasa rather shabby diversionary tactic. 
Airy could see the scientific and political storm gathering. Having lulled 
Challis into a sense that no harm was done, Airy asked Challis for per- 
mission to publish his report on the planet search. Airy then wrote to 
Adams to make the same request so that England and "individuals" would 
receive "justice." Airy proposed to prepare this report himself for the 
Royal Astronomical Society "because I know nearly all the history and 
yet have taken no part in the theory or the observations." Airy, who 
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Resentments 


knew "nearly all the history," sent this request to the "Rev. W. 
Adams' initials, of course, were J. C., and he was not orda 

Airy's letter reached Le Verrier on October 16. About the 
he learned of Herschel's article in the Athenaeum. Le Verrier 
If this Adams had done the work, why had neither Airy nor 
mentioned him? Who was this Adams? He was. professionally: 
If he had done the work, why had it not been published? And 
nothing been heard from Adams himself? Le Verrier wrote to 4 
pose these embarrassing questions and to ask the astronomer. 
defend his claims. 

The next day, on October 17, Challis published an account 
vestigation in the Athenaeum, mentioning Adams’ first soluti 
Uranus problem in 1843. He also proposed the name Oceanu 
new planet. 


That did it. On October 19, 1846, the Paris Academy of Sciences 
fumed like a hall of politicians over what seemed like a B; 

to usurp their nation's honor. Arago used his gift of rhetoric to 
the English claims and to inflame the academy members. Arago 
prised by Herschel's remarks, “in complete contrast with 
courtesy and reserve of Mr. Herschel.” But he reserved his ven 
Airy and Challis. The astronomer royal was an authority on ce 
mechanics. It was impossible to believe, if Airy had really seen. 
work, that he could have doubted the existence of a trans-Urarian| 

As for Challis, he was doomed by the inconsistencies in the re 
he had filed. In his October 5 letter to Arago, Challis had menti 
ly Le Verrier as a spur for his search. But in the October 17 Ath 
article, Challis claimed to have been guided by Adams’ work 
discrepancy made Challis appear either dishonest or deranged, 

Since Adams had not published, said Arago, he had no claim. 
ing Oceanus as a name for the planet, which Arago thought h 
from Adams, it was the height of arrogance for someone who hat 
tributed nothing to try to horn in on the glory. "Mr. Adams has. 
to figure in the history of the discovery of the planet Le Verrier, 
by a detailed citation, nor by the slightest allusion." This disco 
cluded Arago, “one of the most magnificent triumphs of astro 
theory," was a contribution to posterity from France.” 

The French press picked up the issue and the tone and began 4 
of vicious attacks on Adams, Airy, Challis, Herschel, and England 
ly, It got so ugly that Arago and Le Verrier soon disavowed theif 
pathy with the papers. 
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the dispute was raging, the influential scientists on the conti- 
E ly, through correspondence, settled on the name Neptune for 
d repudiated the use of Le Verrier's name. 


whie th 
nent quietly 
the planet ani 


1846, the Royal Astronomical Society held an inquiry 
Od peace as the Neptune scandal. How had the English 
er establishment let this prize slip through their fingers? Airy 
A his “Account of Some Circumstances Historically Connected 
ih the Discovery of the Planet Exterior to Uranus." Challis followed 
a his “Account of Observations at the Cambridge Observatory for 
d ng the Planet Exterior to Uranus.” Then Adams offered "An Ex- 
Eur the Observed Irregularities in the Motion of Uranus . . .," 
" zem with the position, mass, and orbit of Neptune— presenting an 
um of the work that he had tried in vain for more than a year to 
um to the attention of the scientific establishment. Adams had also 
Eus the first orbit for Neptune, using the three unrecognized 
sightings by Challis, and had sent it to Airy on October 15. 
"Adams expressed no disappointment or bitterness, only praise for Le 
Verrier: 


I mention these dates merely to shew that my results were arrived at in- 
dependently and previously to the publication of M. Le Verrier, and not 
with the intention of interfering with his just claims to the honors of the 
discovery, for there is no doubt that his researches were first published to 
the world, and led to the actual discovery of the planet by Dr. Galle, so 
that the facts stated above cannot detract, in the slightest degree, from the 
credit due to M. Le Verrier? 


Atlast Adams received some measure of acclaim. Challis and Airy were 
sharply criticized. Why hadn't Challis begun a search in September 1845 
when Adams first gave him the planet's position? Challis’ answer was 
leme-—he lacked confidence in theoretical calculations. Why hadn't Challis 
reviewed his search data? "[Plartly," he said, "because I thought the prob- 
ability of discovery was small till a much larger portion of the heavens 
was scrutinised, but chiefly because I was makinga grand effort to reduce 
the vast number of comet observations which I have accumulated; and 
this occupied the whole of my time when I was not engaged in observ- 
ing.” No one doubted that Challis had told the truth, but the truth cost 
him his credibility as a scientist. 

Airy stood convicted even in the minds of his friends of “unreasonable 
incredulity and apathy toward Adams," as his colleague Adam Sedgwick, 
a geologist, informed him: 


The 
Investigation 
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Recognition 


Had the results communicated to you and Challis been sent to 

am told, they came so near the mark that to a certainty the new p 
would have been made out in a very few weeks, perhaps a very fe 
and the whole business settled in 1845—Adams the sole, un: 
unassisted discoverer. . . . To say the very least of it, a grand 

been thrown away. 


And that was from a friend writing to him. Others were far less reg 
and less private in their judgment of Airy. 

But Airy's high opinion of himself sustained him through 
As always, he felt he had done his job with distinction. 


It was now annual awards time, and the Royal Society gave it 
Medal for 1846 to Urbain Jean Joseph Le Verrier for the d 
Neptune. It had made joint awards before but now declined 


in 1846. 

Gradually, through the early months of 1847, more of the facts 
‘The hurt feelings and wounded national pride slowly healed. Ne 
called off their vendettas. The accomplishments of Adams a 
gentlemanly behavior through the entire proceeding began 
appreciated. 

In June 1847, at a meeting of the British Association for the 
ment of Science, Adams and Le Verrier met one another for the 
at a party given by John Herschel. Some guests held their breat 
minutes, Adams and Le Verrier were off by themselves talking a 
and laughing. They formed a lifelong friendship. 

In 1848, trying to make up for its injustice two years earlier, 
Society gave Adams its Copley Medal. The Royal Astronomical 
too, was ready fora reassessment, but its response was peculiar. 
it gave no Gold Medal but instead awarded “testimonials” to 
tists, including Adams, Le Verrier, and Airy, while omitting Galle, 
and Challis. 

History has been generally kind to Adams. Textbooks and 
works today usually credit Adams and Le Verrier or Adams, Le V 
and Galle with the discovery of Neptune, although d'Arrest is s 
always overlooked. 

The discovery of Neptune by mathematical calculation—the 
found on a sheet of paper—was the greatest triumph for gra 
theory since 1758, when the comet of 1682 returned just as 
Halley had predicted in 1705 using Newton's laws. Ever since, # 


of astronomy: 
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een known as Halley's Comet. Other historians of science argue 
iscovery of Neptune was the greatest triumph for Newton's 
ry since its publication in 1687. 
as a turning point in the history 
iscovery of Neptune in 1846 was a turning point in t 

The discover? os thematics and theory now took the lead in the way 
earch was pursued. The greatest epoch, begun with 
's dit i i ii d pro- 

" sschel's discovery of Uranus in 1781, of discoveries an 
E E sony led by amateur astronomers was ending. Amateurs 
d still make contributions, but astronomy was more and more a 


pm specialized mathematical and physical discipline. 


ism 
it the di: 
tational theo 


tronomical res 


And what did life bring for the major participants in one of the most 
dramatic and scientifically significant events in the history of astronomy? 
Johann Gottfried Galle continued in the position of special assistant 
that Encke had created for him at the Berlin Observatory in 1835. In 1851 
he accepted appointment as professor of astronomy and director of the 
dbservatory at the University of Breslau. It was wrenching to leave Encke 
and the well-equipped Berlin Observatory for a modestly equipped obser- 
vatory in a provincial town. But there Galle remained for the rest of his 
life, contributing significantly to binary star, comet, and meteor studies, 
and when the city lights and obsolete equipment rendered his observatory 
useless, he shifted with effectiveness into the study of meteorology. When 
he died in 1910 at the age of 98, he was still sharp of mind and active 
in astronomy, revered by three generations of Breslau students, and had 
the unique distincition of having observed Halley's Comet as a profes- 
sional astronomer at two different apparitions—in 1835 and 1910. 
Heinrich d'Arrest was not mentioned in Encke's report on the discovery 
of Neptune at the Berlin Observatory in 1846. Following his internship 
at the Berlin Observatory, d'Arrest moved on to the Leipzig Observatory 
in 1848, where he continued his fine work on comets and asteroids. In 
1858 he was named professor of astronomy and director of the new obser- 
vatory at the University of Copenhagen. There he expanded his scien- 
tificreputation with his studies of nebulae and his exploration of the new 
field of spectroscopy until his untimely death at the age of 52. It was 
not until 1877, two years after his death, that Galle finally clarified the 
important role that d'Arrest had played in the detection of Neptune. 
George Biddell Airy, astronomer royal, stubbornly rode out the criticism 
of his role in the Neptune scandal. There is no indication that he ever 
felt ashamed or regretful or even uncertain of his treatment of Adams 
or his handling of the quest for Neptune. Airy was impervious because 
he never doubted himself. Under his direction the Royal Observatory 
continued to be a model of efficiency as a source of accurate astronomical 


Thereafter 


Johann Galle in old age 
Archive of the Archenhold 
Observatory 


George Airy in 1852, 
six years after Neptune 
was discovered 

National Maritime Museum 
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Urbain Jean Joseph 
Le Verrier 


Courtesy of Special Collec- 


tions, San Diego State 
University Library 


tables for British navigators. He remained unpopular with his 
because he treated them as drudges and tolerated no indep 
thought. He trained no young astronomers. He was an organizer, 
bureaucrat rather than a scientist. In 1881, at the age of 80, he 
from duties as astronomer royal and died, still organizing his pape 
1892 at the age of 90. 
It had been a swift and promising ascent for James Challis from, 
wrangler and First Smith's prizeman as an undergraduate at Cam 
to Plumian Professor of Astronomy and director of the Cambridge 
vatory in 1836 at the age of 32. Yet no notable science appeare 
Neptune incident focused the attention of the faculty at Cambrid 
astronomers in England and abroad to the fact that Challis was: 
of a kook. His ideas and scientific claims became ever more ov 
perhaps in an effort to extricate himself from the Neptune fai 
claimed that he had generalized Newton's law of universal gravi 
to include all physical forces and was about to publish. He ne 
Only his friendliness and Cambridge tradition dissuaded critics 
ping him of his distinguished position as Plumian Professor of As 
He did surrender his directorship of the Cambridge Observatory to, 
in 1861. As one historian observed: "Challis was a spectacular 
as a scientist, and ironically, this failure has immortalized him: 
died in 1882, just before his seventy-ninth birthday. 

Honors continued to pour in for Le Verrier. Professorial ch 
celestial mechanics and astronomy were created for him at the 
He continued his study of planetary perturbations for the rema 
years of his life, refining the orbits and masses of the planets. 
pleted this vast project of more than 4,000 pages one month b 
death, Le Verrier hoped that other planets would be found the 
and Adams found Neptune. 

With typical tenacity, Le Verrier also returned to the problema 
cury's motion that had stymied him in 1843. Mercury's perihelion 
advancing along its orbit as a rate of about 9 minutes 26 
century—less than one-third the apparent diameter of the Moon 
from Earth. In 1843, Le Verrier had been able to explain about 9 
cent of this motion by the gravitational perturbations on Mercury! 
other planets in the solar system. But 38 (now known to be 43) 
of arc per century defied his efforts at a complete solution basedo 
gravity of known objects. 

In 1859, 19 years after Arago had handed him the problem, Le 
offered an answer. The codiscoverer of the outermost known pl 
posed that inside the orbit of Mercury lay an undiscovered innen 
planet—or a group of asteroids. 
Soon after he published his results, Le Verrier received a letter! 


Neptune: The Planet Found on a Sheet of Paper 


59 


~ neh country doctor and amateur astronomer named Edmond 
a Frenc! 


t who claimed to have seen this planet passing across 
Modeste ph Verrier rushed to meet Lescarbault and was con- 
the face > ‘an intra-Mercurian planet had been found, duplicating his 
yinced ES iting triumph with Neptune. A name appropriate for a planet 
ep the Sun was already waiting Vulcan, the Roman god of fire. 
so close in, it seemed, Le Verrier had saved the integrity of Newton's 
Ond versal gravitation. But the sighting was not confirmed by other 
Io atthe time or duplicated by later observers. Through the years, 
Eus amateur and professional astronomers claimed to have seen 
Valen transiting the Sun or near the Sun during a total eclipse, but these 
Valcan conflicted with Lescarbault's sighting and with one another, or 
oy were better explained as misidentified stars, 
TLonially, in the carefully observed and analyzed motion of Mercury, 
astronomers this time had uncovered a real defect in Newton's law of 
ity. The problem of Mercury's orbit was not solved until Einstein 
ished his General Theory of Relativity in 1916. The excessive preces- 
{on of Mercury's perihelion was the most detectable difference in solar 
system motion between the predictions of Newton and Einstein. And 
ie anomaly that Le Verrier had pointed out provided one of the crucial 
instein was correct.” 
Borne death of Arago, Le Verrier became director of the Paris 
Observatory in 1854. Not only did he continue to lead astronomy from 
that position, but he was one of the founders of modern meteorology. 
He set up an international network to warn sailors of approaching storms. 
Le Verrier was admired for his absolute integrity in scientific matters, 
but people close to him found him edgy and authoritarian. His tenure 
at the Paris Observatory was stormy. He was dismissed in 1870 for 
repressing staff creativity and devoting too littie of observatory funds 
toastronomy. He was reinstated in 1873 when his successor and enemy 
Charles Eugène Delaunay died. Thereafter Le Verrier devoted full at- 
tention to celestial mechanics. He died of a progressive liver ailment in 
1877 at the age of 66. : 7 . 
Appropriate recognition for Adams was slower in coming. His 
fellowship at St. John's College, Cambridge, expired in 1852 because he 
hadnot joined the clergy. He became a fellow at Pembroke College, Cam- 
bridge, in 1853. He applied for the position of superintendent of the 
Nautical Almanac in 1853 but was not chosen. Finally, in 1858, he 
was appointed professor of mathematics at the University of St. Andrews 
Upon that appointment, Cambridge University repented its snub and, 
in that same year, brought Adams back as Lowndean Professor of 
Astronomy and Geometry. In 1861, Challis was eased out as director of 
the Cambridge Observatory and Adams was appointed in his place. 


John Couch Adams in 
middle age 

The Master & Fellows of St. 
John's College, Cambridge 
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In 1863, at the age of 44, Adams married Eliza Bruce from Dublin 
had no children. He was the first president of the Association fg 
moting the Higher Education of Women in Cambridge and help 
establishment of Newnham College in 1880, the first residence for 
at Cambridge. He was one of the first professors to open his lectu 
women. 

Following his codiscovery of Neptune, Adams continued 
distinguished work in astronomical mathematics, bringing him add 
renown—and controversy. He carefully studied the gradual a 
and deceleration in the Moon's motion evident in historical re 
eclipses and caused by the changing ellipticity of the Earth's 
found that the analysis of Laplace, the great French celestial 
cian, had been faulty. This caused very hard feelings among E 
astronomers until, by 1861, independent investigations sho 
Adams was right. 

He was offered knighthood in 1847 and the position of astronome 
when Airy retired in 1881 but declined both. The modesty that ha 
him fame early in his career endeared him to friends and colle 
throughout his life. John Couch Adams died in 1892 at the 
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(0n possible names for Neptune): “The name Janus’ 
would imply that this planet is the last one in the solar 
system, and there is no reason to believe that this is so.” 


Ud dle Verrier 
(September 1846) 

“After thirty or forty years of observing the new planet 
(Neptune), we will be able to use it in turn for the 
discovery of the one that follows it in order of distance 
from the Sun.” 


Ud. J. Le Verrier 
(c 1846) 


[Qn the clustering of certain comet orbits): "This can 
‘hardly be an accident; . . . it means a planet out there as 
yet unseen by man, but certain sometime to be detected 
and added to the others.” 

Percival Lowell 

(1903) 


‘The discovery of Uranus and Neptune tantalized astronomers with the 
prospect that still more distant planets lay undetected. Le Verrier believed 
that analysis of the motion of Neptune would reveal the existence of 
another planet, but not in his lifetime. Neptune crept along its orbit so 
slowly that even at the beginning of the twentieth century its path was 
Dot known with sufficient precision to reveal the perturbations of an out- 
lying planet. 

The discovery of Neptune solved the mystery of the anomalous motion 
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Percival Lowell 


Lowell Observatory 
photograph 


of Uranus—almost. When the actual motion of Uranus was co 
to predictions that took account of all known gravitational dist 
tiny discrepancies remained—only a few percent the size of th 
that enabled Adams and Le Verrier to calculate the existence an 
tion of Neptune. Were these “residuals” meaningful? Did they re 
existence of yet another planet, or were they just minute errors in; 
ing the exact location of Uranus, resulting perhaps from inac 
tional data for the background stars? The obstacles to calc 
searching for trans-Neptunian planets were so formidable th 
astronomers tried. Many doubted that a planet lurked beyond Ne 
Still, an occasional astronomer attempted some crude calculatio 
suggested the unexplained inconsistencies in the motion of Uran 
residuals) pointed to a more remote planet.! 


On March 13, 1855, Percival Lowell was born into a wealthy Bos 
ly, the oldest of five children. His brother Abbott Lawrence Lowell 
president of Harvard University. His youngest sister Amy 
famous poet. Percival graduated with honors in mathematics fro 
vard and amassed his own fortune during six years of business wg 
his grandfather's wide-ranging enterprises, which included co 
financial institutions, and utility companies. Then, in 1883, he 
ten-year series of extended visits to the Far East as a travel 
served as foreign secretary and general counselor for the first diplo 
mission from Korea to the United States. 

During a trip to Japan in 1893, Lowell learned that Giovanni & 
relli, the noted Italian astronomer, was going blind and had beeni 
to terminate his observations of Mars. It was Schiaparelli who’ 
had first described thin, straight, crisscrossing features on the: 
of the red planet. He named them canali, meaning “channels.” 
nels could be natural or artificial features. The English-langu 
however, translated canali as "canals," implying that they were! 
intelligent beings. 

The controversy over artificial features on Mars had long 
Lowell. He returned to Boston and began to use his wealth to es 
an observatory whose major effort would be the investigation of th 
tian "canals." 

Lowell chose as his site a pine-forested mesa one mile west of Fl 
in remote Arizona Territory at an elevation of 7,250 feet [2,210 x 
where his observatory could "see rather than be seen.”2 His w 
first permanent observatory in the world to be purposely sii 
from city lights and in a climate tested for good seeing conditio 
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rvatory opened on June 1, 1894. Lowell, an excellent 

m en té Sha 088 lecturing about life forms on Mars 
publie sp is gave proof of their intelligence and global unity but also 
whose cated that this peaceful civilization was doomed by drought. Most 
re were skeptical of Lowell's interpretations of the Martian 
astrono ne were harshly critical. Lowell hired a small cadre of talented 
5 Eo operate his observatory and gave them sufficient time for 
scientist Search. They left the flamboyance, controversy, and public 
Eus to Lowell and concentrated on meticulous work that brought 
oen recognition to the Lowell Observatory. In 1905, the permanent 
ie ovine staff consisted of Vesto M. Slipher and Carl O. Lampland. 
Sipher's younger brother Earl C. Slipher soon joined the full-time staff. 


jut Lowell'sattention was not exclusively focused on Mars. All the planets 
intrigued him. His interest in the possibility of a planet beyond Neptune 
stemmed from his college training by Benjamin Peirce, who created a 
longstanding controversy by claiming that the discovery of Neptune was 
an accident because although the position predictions of Adams and Le 
Nerrier were correct, all their other predictions about the planet's distance, 
orbit, brightness, and mass were in error. Peirce was wrong. Adams and 
Te Verrier had correctly used perturbations in the motion of Uranus to 
pinpoint Neptune. : ped 

Now, with the means to conducta telescopic search, an enduring in- 
terest in mathematics, and knowledge of previous efforts to hypothesize 
a ninth planet, Lowell was ready to attack this high-profile problem. 
lamplard felt that Lowell sought the "prestige of mathematically predict- 
inganew planet . . . in order to gain more respectability for his theories 
about Mars” and to enhance the prestige of his observatory, which, 
because of Lowell's claims for canals on Mars, had become “virtually 
an outcast in professional astronomical circles."* 

From 1902 on, Lowell's lectures and writings give evidence of his belief 
that a trans-Neptunian planet would eventually be detected. 

His first search for a ninth planet began in early 1905 and proceeded 
sporadically as his time permitted for four years. The quest began as a 
photographic survey along the mean plane of the solar system; later a 
dimension of theory and calculation was added in an attempt to narrow 
the search. But the observational and theoretical components of the search 
were seldom integrated. Each time Lowell madea new computation, he 
altered the hypothetical planet's predicted location and would send his 
colleagues in Flagstaff a new position to be searched. The photography, 
completed in September 1907, was performed by a succession of three 
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University of Indiana astronomy students. Lowell examined there 
440 plates but found nothing. Lowell was worried that his projet 
be stolen by others, so, unlike his other well-publicized ventures | 
his search for a trans-Neptunian planet as quiet and secretive as he 
referring to it in correspondence with his staff as the "invariab 
work because the search was conducted along the mean pl 
solar system, thought to be the most likely orbital path for the 
planet. Eventually, when he found that the complexities of the 
were so great that no one could jump in opportunistically, he di 
his secrecy. By late 1908 he was referring to his trans-Neptunian 
as Planet X. 


In mid November 1908, Lowell received some startling and trou 
news. He attended a lecture by William H. Pickering of Ha 
for a few months had helped him initiate the Mars observatio; 
when the Lowell Observatory opened in 1894 and who was no 
of his Mars theories, Pickering had used a graphical plot of ther 
of Uranus to predict the existence and position of a trans-Nepl 
"Planet O." This graphic approach had first been used and 
demonstrated by John Herschel to refine the orbit of Neptune 
show how its existence and location had been deduced from the re 
of Uranus. His method first appeared in his popular textbook 
of Astronomy in 1849. 
Pickering's 1908 prediction for Planet O gave it a distance « 
astronomical units, a period of 373.5 years, and a mass twice that 
Its disk was estimated to be about 0.8 arc second in diameter 
magnitude either 11.5 (if reflective like Neptune) or 13 (if less 
like Mars). Two brief telescopic searches had failed to find th 
Pickering sought Lowell's help with the search, but Lowell 
neglecting to mention that he had been calculating and sea 
ninth planet for more than three years himself. Lowell rea 
had serious competition in his quest—and from a scientific 


ing Pickering's interest in a trans-Neptunian planet caused 
plunge ahead with all the energy and resources he could spare: 
Mars work. 

In March 1905, Lowell had hired a moonlighting U.S. Na 
vatory mathematician named William T. Carrigan to assist him: 
extraction and analysis of the residuals of Uranus and Neptune.] 
initially urged Carrigan on, but in May 1909 dismissed him, 
he had reached his own theoretical solution to the orbit and lo 
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without using any of Carrigan’s four years of calculations. 
lained that Carrigan was overly meticulous. The planet, 
(rote to Carrigan, lay 47.5 astronomical units from the Sun, had 
Uh period of 327 years, a magnitude of 13 or fainter, and a mass 
an 


g of Neptune's. Hd Y j 
Towellnever published this prediction, nor did he use it to search for 
Hisansiety about Pickering's lead subsided when he read Picker- 

plat plished work and found his approach superficial. In annotating 
ing SP E Pickering's paper, Lowell derided his former colleague's ef- 
his copy ding: This ninth planet is very properly designated O [and] 


îs nothing at all."* 


ninth plane 
comp! 


ass before Lowell returned to the problem of Planet X. 
ui P oie the shortcomings of his first search. First, there 
E problem of instrumentation. The observatory's 5-inch |13-centi- 
meter telescopic camera, the latest and most promising of four telescopes 
‘employed in the search, was inadequate to the task. It recorded a sharp- 
jdefined field only about 5 degrees across. What Lowell could not know 
was that the undetected planet was then too far south of the ecliptic to 
be within the search zone and had a brightness of only 16th magnitude 
{10,000 times too faint for the unaided human eye to see), at the record- 
ing limit of his photographic plates. : 

A second problem with the initial search for Planet X was technique. 
Lowell's method of examining the plates was unlikely to yield results. 
The search produced plates of the same region of the sky taken a few 
days apart so that a planet would reveal itself by its change of position. 
Lowell would take these glass plates, superimpose them, offset them 
slightly, and then examine each pair of images with a magnifying glass 
in search of motion. It was cumbersome, unsystematic, and imprecise. 

About a year into the first search, Lampland had suggested that Lowell 
buy a new invention called a blink microscope for the inspection of the 
plates. With a blink microscope (also called a blink comparator], two 
plates could be placed side by side and viewed through an eyepiece that 
optically superimposed the two plates and magnified them. A shutter 
inside the system then alternated views so rapidly that the shift from 
one plate to the other was almost undetectable to the eye. If the plates 
fobe compared were identical in images and exposures and if the plates 
Were aligned so as to superimpose accurately, the blink microscope would 
show what appeared to be just one plate with nothing moving, jump- 
ing, or pulsating. But if an object had moved or changed in brightness 
from one plate to the next, the object that changed would appear to jump 
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Percival Lowell observ- 
ing Venus in the 
daytime with the 
24-inch Clark refractor 
at the Lowell 
Observatory 

Lowell Observatory 
photograph 


nated views, while the rest of the images remained unchangt 
decided against an investment in a blink microscope. 
Instead Lowell decided that if he were to have any hope of suce 
the quest would require the most thoroughgoing mathematical 
possible. A graphical plot of the residuals of Uranus would no 
would have to repeat and even amplify the rigor that Adams and! 
rier had applied in their pursuit of Neptune. He faced, he felt, a] 
even greater than Adams and Le Verrier had confronted because: 
Neptune was the solution, while for him it was part of the pi 
Lowell was ignoring the fact that Adams and Le Verrier had to. 
their own mathematical analysis, whereas he could study their: 
and employ one of their already proven systems. Nevertheless, 
some very real problems in his search for Planet X. He ticl 
difficulties: 
(1) The residual errors in the predicted versus actual po 
Uranus were now, with Neptune's influence accounted fo 
small. 
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not been observed long enough along its huge orbit 

G] as ofits motion byan outlying planet to be evident. 

forpi jore he would have to rely on the presumably smaller per- 
Tabadons exhibited by Uranus. Hr : 

rath planet might have a highly eccentric orbit, and that orbit 

(3) A rin be sharply inclined to the ecliptic. (Here Lowell was using 

dm of Jupiter, Saturn, and their satellites as miniature so- 

ii systems. The outer moons of Jupiter and Saturn have marked- 

Iy elliptical orbits that are notably inclined to the equators of their 

"n er of Uranus (and any planet) cannot be known with ab- 
solute precision because of the constantly changing perturbations 
onit and the difficulty of astronomical measurements. The resulting 
inaccuracies are incorporated intoany calculation using that planet's 

position.” 

Lowell reviewed the differences in the methods by which Adams and 
Ye Verrier had attacked the Neptune problem and then chose Le Ver- 

riers. Adams’ approach was "direct and masterful,’ he thought, but Le 


Verrer's was “simpler and more complete! 


"The second search began in July 1910 with a mathematical assault by 
Jowell, assisted by Elizabeth Langdon Williams, who had been editing 

licaions in his Boston office for at least five years previously. Lowell 
assumed that Planet X traveled around the Sun in the same plane as 
Uranus and was 47.5 astronomical units from the Sun, the same distance 
he had used for his initial search.’ Using the residuals of Uranus, he 
sought to calculate the orbital eccentricity, the longitude of perihelion, 
and the mass of Planet X. 

On March 13, 1911, Lowell celebrated his fifty-sixth birthday (and the 
one hundred thirtieth anniversary of the discovery of Uranus} by send- 
ing a telegram to Lampland, his assistant director at the Lowell Obser- 
vatory, requesting him to begin a new photographic survey along the eclip- 
ticfor Planet X. Lowell promised that his computations to focus the search 
would soon follow. Lampland proposed again that the analysis of the 
photographs would greatly increase in efficiency and precision if the 
Lowell Observatory had an instrument like a blink comparator. This time, 
Lowell bought one immediately and it was shipped back and forth be- 
tween Boston and Flagstaff as needed.” 

Lowell's first new computations for the position of the ninth planet 
Were not ready until late April. The photographic search proceeded 
Sporadically because Mars was nearing opposition (the point at which 
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the Earth and Mars are closest that occurs every two years| 
and his colleagues were making their usual plans for detailed 


of the red planet. 


In 1911, Pickering published his prediction of the existen: 


more trans-Neptunian planets beyond his Planet O, designatin 


WILLIAM H. PICKERING AND PLANETS O, P, Q, R, S, T, AND U 


William H. Pickering (1858-1938) made and pub- 
lished more predictions for the existence of trans- 
Neptunian planets than any other astronomer. 

Like Percival Lowell, Pickering was born in 
Boston, came from a family of social and intellec- 
tual distinction, was well educated (MIT), and had 
travel and adventure in his blood (Pickering 
especially liked primitive areas and mountain 
climbing). Like Lowell, Pickering was a bundle of 
energy. Besides leading four solar eclipse expedi- 
tions as a staff member of the Harvard College 
Observatory, he set up stations of the observatory 
in Arequipa, Peru (1891), and Mandeville, Jamaica 
(1900), and helped in 1894 to build the observatory 
in Flagstaff for Percival Lowell. 

He had more than average scientific accomplish- 
ments. He was a pioneer in new celestial photo- 
graphy technology. In 1899 he discovered Phoebe, 
the ninth moon of Saturn and the first satellite to 
be found photographically. He also produced the 
first complete photographic atlas of the Moon 
11903]. 

Unlike his older brother Edward Charles Picker- 
ing, director of the Harvard College Observatory, 
William was less rigorous in his work and prone 
to sudden enthusiasms. This caused considerable 
friction between the brothers, and William was 
never promoted beyond assistant professor. 

Approaching age 50, Pickering became more and 
more consumed with predicting the existence and 
location of trans-Neptunian planets. Although his 
1919 prediction of the position for Planet O was as 
close to where Pluto was found as was Lowell's 
prediction for Planet X, Pickering's credibility was 
not high, because of the number of new planets he 


William H. Pickering 
Harvard University Archives 


predicted, the less-than-rigorous method he 
predicting them, and the speed with 
abandoned or substantially mod 
predictions. 

In 1924 he retired from the Hi 
Observatory, and the observatory he b 
lished for Harvard in Mandeville, Jamaica, 
his private observatory. 


‘See especialy Wiliam Graves Hoyt, "W. H. Pickering Piet 
tions and the Discovery of Pluto" lis 67 (1976): 551-654 
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sna R. Planet Q had a mass 20,000 times greater than Earth, which 
Q, and F e made it 68 times more massive than Jupiter and about one- 
wooly (6 percent] the mass of the Sun—close toa star of minimal mass 
rather thana high-mass planet. Q , said Pickering, had a highly elliptical 
B. 1908, competition with Pickering altered none of Lowell's 
Now Mut caused him to intensify his project. He gave orders to ac- 
aerate the photographic search and hired four more mathematical 
ranis to help lim and his chief computer, Miss Williams, in Boston. 
those days, computers were human.) All five assistants were at work 
[P vember 1912, but Lowell wasn't. He had been pressing so hard on 
the problem that late in October he collapsed from nervous exhaus- 
din t was two exasperating months for Lowell before he could 
return to work for even short periods. 


in Flagstaff the photographic search proceeded by examining the areas 
specified by the continually modified calculations. From 1911 to 1914, 
Lowell conducted the hunt on his observatory's largest instrument, a 
4inch (102-centimeter) reflector, installed in 1909, but its field of view— 
only one square degree—was too small for an efficient search. In April 
1914, Lowell and his colleagues turned to a 9-inch (23-centimeter] 
Brashear photographic refractor that they borrowed from Swarthmore 
College's Sproul Observatory near Philadelphia without initially reveal- 
ing to Swarthmore the exact nature of the project. 

The project's intensive computational phase ended in April 1914. Ap- 
proximately the same orbits and positions for Planet X were recurring 
inrepeated calculations. Lowell sent two of his mathematical assistants 
1o Flagstaff to step up the photographic search, discharged the others, 
and retained Miss Williams for whatever calculations might yet be 
needed. Lowell was optimistic when he and his wife set sail in May for 
their usual spring vacation in Europe. He telegraphed his observatory 
anew most probable location to search for Planet X, requesting, "Don't 
hesitate to startle me with a telegram—FOUND!""? 

Butno such telegram arrived. Many years of calculations and searching 
hadnot produced the expected planet. Lowell began to get discouraged. 
He wrote an account of his theoretical and observational efforts for 
Presentation in 1915 to a meeting of the American Academy of Arts and 
Sciences. Two weeks before the speech, he notified his staff of anewly 
revised position for Planet X, adding: "I am going to give my work before 
the Academy on January 13. It would be thoughtful of you to announce 
the actual discovery at the same time." 


Telegram 


Waiting for a 
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Publication and 
Response 


Percival Lowell at his 
observatory in Flagstaff. 
Lowell Observatory 
photograph 


Lowell's paper—logical, mathematical, and conservatively phy 
gathered little attention from the press, the general public, 9 
astronomers. The academy even declined to publish it, and 


expense. With the failure of his search and the lack of interest ex 
in his research on a trans-Neptunian planet, Lowell sh 
discouragement in his typical way: He turned toother matters; 
mentioned or took an active part in the project again. "No new 
X?" he inquired in July. An entry in the observation log for 
1915, mentions that "Dr. Lowell paid a visit to the 9-inch,’ 
Lowell published his efforts to find a trans-Neptunian planet in 
1915, Planet X disappeared from his writings and his intei 
the press. 

On July 2, 1916, the entry in the observation log read "Lung 
conditions prevented any further work that night. And that wi 
of the second photographic search for Lowell's trans-Nept 
The 9-inch telescope was needed back at Swarthmore. 

On the nearly 1,000 plates exposed in this second search 
asteroids, 700 variable stars—and 2 images of the ninth planet, 
19 and April 7, 1915, Thomas B. Gill, one of Lowell's former mat 
assistants in Boston, now an assistant observer at Flagstaff, had re 
the sought-after trans-Neptunian planet as part of the 
photographic search, but the object went unrecognized 
predicted that Planet X would be about magnitude 13; these 
between 15th and 16th magnitude—about five times fainter. 
just barely visible on the plates. Lowell probably never ex 
plates himself. At this stage in his career, he left such tedious 
his assistants. 

‘Lowell concluded from this second search that the object he 
was fainter than 13th magnitude and that therefore the 9-inch tel 
used for the search was probably too small. He also concluded 
distance of the trans-Neptunian planet was less than the 47.5 a 
units he had previously clung to:* 

He would never know how close he came to Planet X. 

On November 12, 1916, Percival Lowell, 61 years old, died of: 
stroke at the Lowell Observatory. 
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“Lunch.” 
final entry in the observation log for the 1905-1916 Lowell Observatory 


telescopic search for a ninth planet 


"Ne think he is going to develop into a useful man. He has 
several good qualities that are going to make up for his 
meager training.” 

Sesto M. Slipher on newly hired Clyde Tombaugh 

0929) 


“Young man, I am afraid you are wasting your time. If 
there were any more planets to be found, they would have 
been found long before this." 

Visiting astronomer to Clyde Tombaugh 
ure 1929) 


In his will Lowell provided quite handsomely for his wife, appointed 
Vesto M. Slipher as observatory director, and left an endowment of more 
than a million dollars for the support of his observatory. His staff, despite 
their less flamboyant scientific styles, respected Lowell and wanted to 
proceed with his projects, including the search for Planet X. But work 
was slowed not only by World War I but by the lengthy court battle that 
ensued when Lowell's widow bitterly contested the will. By the time 
the litigation ended, legal fees had swallowed a substantial fraction of 
the estate. 

Ifa new search for Planet X were to be mounted, a larger telescope 
specifically designed for sky survey Work would be needed. As soon as 
the estate was settled in 1927, the Lowell Observatory arranged for the 


CHAPTER 6 


71 


72 


PLANETS BEYOND 


A Kansas 
Farm Boy 


Clyde Tombaugh with 
the 15-inch telescope 
that he used to 
discover Pluto. (He is 
looking through the 
eyepiece for the guide 
Scope.) This photograph 
was made in 1951, the 
year after the discovery. 
Lowell Observatory 
photograph 


fabrication of a 13-inch (33-centimeter) photographic refra 
possible by a gift of $10,000 from Abbott Lawrence Lowell, py 
of Harvard and Percival's brother. The new telescope was asser 
tested at Flagstaff in 1929 and found to be an exceptionally 
ment, with its wide field providing extremely clear images acto 
by 14-degree region. 


But there was no one to conduct the search. The Lowell Oi 
core scientific staff of Vesto M. Slipher, Carl O. Lampland, 
Slipher professed confidence in Lowell's computations for a nin 
but none had room among his existing projects for the time 


Vesto Slipher wanted to hire a new assistant observer who 
a research astronomer, lest the observer's own interests distract hin 
the trans-Neptunian planet search. In 1928, Slipher had recei 


baugh. His summers were taken up by farming with his fa 
winters and all clear evenings were devoted to his hobby of. 
He had built three reflecting telescopes with mirrors ranging 
9 inches (18 to 23 centimeters} in diameter, the last two of excellentg 
His drawings and notes about his observations indicated c 
and precision. Despite Tombaugh's lack of formal astronomical 
Slipher decided to give him a chance and invited him to join th 
as an assistant observer on a trial basis. i 

Clyde Tombaugh, age 22, arrived in Flagstaff on January 
without knowledge of the project he would be assigned. Hequ 
pressed the staff astronomers by his enthusiasm, his willingness 
andhis painstaking work. The third search for Planet X began 
Tombaugh at the 13-inch refractor on April 6, 1929. 

Tombaugh quickly found that the staff astronomers were so 
he could not rely on them for improvements to the prescribed 
procedure. So, after a few weeks, he took the project ever more 
and made the needed modifications himself. 

Planet X was expected to be magnitude 12 to 13 or, as Lowell sus) 
at the conclusion of his second search, perhaps somewhat faint 
13-inch telescope could reach stars of 17th magnitude witha 
exposure. But, Tombaugh realized, if seeing conditions were pt 
exposure time would require another 15 to 20 minutes. In ord 
the blink microscope to compare star fields in search of an ol 
shifted position from one picture to the next, it was crucial that 
be made within about a week of one another and that the exposu 
made and developed under as nearly similar conditions as possibl 


The Discovery of Pluto 75 


The Lowell Observatory 
administration building 
as it was when Clyde 
Tombaugh arrived in 
1929 

Lowell Observatory 
photograph 


Dome for the 13-inch 
telescope with which 
Clyde Tombaugh 
discovered Pluto 
Lowell Observatory 
photograph 


The 13-inch 
photographic survey 
telescope that Clyde 
Tombaugh used to 
discover Pluto. This 
astrograph, made 
possible by a gift from 
A. Lawrence Lowell, Per- 
cival’s brother, was 
being installed at the 
Lowell Observatory in 
1929 as Tombaugh ar- 
rived to take up observ- 
ing duties on a trial 
basis. 

Clyde W. Tombaugh 
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procedure would assure that the background stars on each pl 
be as close to identical as possible during blinking so thata 


[or asteroid or variable star) would stand out. Tombaugh chose 
tively bright star near the center of each star field to serve ag 
star so that the telescope would remain correctly targeted whi 
to track the westward-wheeling stars as the Earth rotated. Hi; 


CLYDE TOMBAUGH GOES TO FLAGSTAFF 


Clyde Tombaugh, the eldest of six children, was 
born on a farm near Streator, Illinois, on February 
4, 1906. He enjoyed exploring the heavens with his 
Uncle Lee and his 3-inch telescope. Clyde virtual- 
ly memorized the popular astronomy book his un- 
cle loaned him. In 1920 his father and Uncle Lee 
bought a new 2.25-inch scope from the Sears- 
Roebuck catalog for them to share. 

When Clyde was 16, his family moved to a rented 
farm near Burdett, Kansas, and his uncle insisted 
that he take the new telescope with him. So much 
work needed to be done on the farm that Clyde 
dropped out of school for a year to help. In 1925 
he graduated from Burdett High with a longing to 
be a college professor. But even a college education 
seemed out of rcach. He was needed for farmwork. 

Yet the lure of astronomy was strong. In 1926, 
Clyde fashioned an 8-inch reflecting telescope. He 
made the mirror out of ship porthole glass, the tube 
out of pine boards, and the mount out of discard- 
ed farm machinery. But the curvature of the mir- 
ror was not very good, and he was disappointed 
with his view of the features on Mars. 

With his father's help, Clyde built a storage and 
storm cellar that could also provide the stable air 
needed for telescope-mirror testing. He then made 
a fine 7-inch reflector and sent it to his Uncle Lec. 
His uncle paid him, and Clyde plunged the money 
into a 9inch mirror of his own. His days belonged 
to farmwork, but his nights were devoted to observ- 
ing the skies and carefully sketching the planets. 
He completed his excellent new telescope in time 
to enjoy the 1928 close passage of the Earth by 
Mars. 

‘The growing season of 1928 was developing in- 


to one of the best the family had ever ka 
a sudden hailstorm ruined the crop jus 
harvest. Clyde decided against a career in} 
He was 22 years old. He needed to get aj 
some money to help his family through: 
He weighed joining the railroad as an. 
fireman or trying to start a telesco 
business. He sent a few of his meticulo 
of Jupiter, Saturn, and Mars off to the Lo 
vatory for appraisal. "It was the only 
observatory I knew of,” he confessed 
His letter arrived at an opportune 
Slipher, the observatory director, was 
a committed young observer to resume 
graphic search for a trans-Neptun 
suspected by observatory founder Perciva 
and upon which he had invested so mi 
Slipher, his brother Earl, and Carl 
three professional astronomers on 
Observatory staff, had all grown up doit 
work. Slipher invited Tombaugh out to Ar 
a three-month trial basis. Clyde's family: 
30 miles to the nearest railroad station. 
advised him, “Clyde, make yourself 
beware of easy women." The Kansas 
for its state motto Ad astra per aspera—' 
through difficulties." 
Tombaugh arrived in Flagstaff on Ja 
1929, after a train ride of 28 hours. He 
enough money to sleep in a Pullman 
didn't have enough money for a train 


"This and the folowing quotation are from Clyde W. 
Patrick Moore, Out ofthe Darkness: The Planet Fluto (H 
syWvania: Stackpole Books, 1980), p. 25. 
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EE 
to photog 


woul 
tures taken bY 


raph each region three times. The two most nearly identical 
]d be blinked against one another. The third plate and pic- 
a 5inch (13-centimeter) telescopic camera mounted pig- 


Tack on the telescope tube would be kept for comparison and—hope- 


„verification. 


Tombaugh started in Cancer, to the east of Lowell's predicted location 


Clyde Tombaugh with his homemade 
Sinch telescope on his family's farm in 
Kansas. The ycar is 1928, and Tombaugh 
is 22 years old. 

Clyde W. Tombaugh 


Slipher met him at the station, and Tombaugh 
moved into a bedroom at the observatory. 

The lens for the 13-inch telescope to be used for 
the search had not yet arrived, so Clyde was 
pressed into service showing tour groups around 
the observatory, stoking the furnace in the ad- 


ministration building [as all the staff did), carefully 
pushing snow off the canvas dome for the 42-inch 
telescope, and painting the 13-inch telescope tube 
red. 

‘The lens arrived in February. Slipher coached 
him through the photographic process, and quick- 
ly Tombaugh was on his own. He faced a series of 
problems that threatened the very precise work 
necessary. When the clock drive of the telescope 
(to keep it pointed at the proper star field as the 
Earth rotates) turned through a particular position, 
one of the telescope axes slipped slightly, creating 
double images of each star. Such a photograph was 
useless for blinking. A second problem was that the 
glass photographic plates he was using shattered 
in the numbing cold—and with a crack so loud 
‘Tombaugh feared that the expensive telescope lens 
had broken. It was up to him to find the cause and 
invent a fix for each problem. He did. For the axis 
slippage problem, he ran the telescope ahead and 
then backed it up through the problem point so that 
there would be no slippage when it ran forward. 
For the problem of the photographic plates that 
cracked, he found a new way to fasten them onto 
the telescope so that the corners could expand or 
contract before being tightened down. 

Slipher was pleased with Tombaugh's progress. 
^We think he is going to develop into a useful man. 
He has several good qualities that are going to make 
up for his meager training. .. . He has a good at- 
titude: careful with apparatus, willing to do 
anything to make himself useful and is enthusiastic 
about learning and wants to do observing”? 


atte of February 7, 1923, to Roger Lowell Putnam, Percival's nephew 
and sole trustee Qt ie observatory. Quoted by Willam Graves Hoy 
Planets X and Pluto (Tucson, University of Arizona Press, 1980), p. 181. 
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Blinking 


for Planet X. Each exposure captured 50,000 stars. Then 
pushed on into Gemini, closer to the Milky Way. Now each p 
vided 400,000 stars to be inspected. 

Five days into his search, on April 11, 1929, Tombaugh expose 
number 10 and captured the object he was seeking. He capturedj 
on April 30, its companion plate for comparison. But the ni 
went unnoticed by the Lowell Observatory astronomers wh 
responsible for the blink comparator examination. Plate 10 hade 
in the brutal cold of winter at high altitude. It was still blinkabj 
the plates were not sufficiently well matched in backgrow 
brightness for successful comparison. Gemini was also too 
horizon, so that light from that broad region passed through signi 
ly varying amounts of the Earth's atmosphere, dimming the 
to the horizon more. Further, Planet X was expected to be 
brighter than it was. There was little point in spending much tim 
such unpromising plates. 


Originally, Tombaugh was supposed to do only the photography, 
microscope work would be left to the more experienced sta 
the beginning of summer, 1929, almost no plates had been b 
experienced staff had been too busy with other duties. The 

set in, reducing Tombaugh's observing time, so Slipher asked! 
over responsibility for plate comparisons on the blink micro 

"I was overwhelmed," Tombaugh recalled. “It had become 
me that the one doing the blinking carried the heavy respon 
finding, or not finding, the planet. 


Clyde Tombaugh using 
the blink comparator 
with which he 
discovered Pluto. This 
photograph was taken 
in 1938, as Tombaugh 
continued his full-sky 
survey. 

Lowell Observatory 
photograph 
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P 
Tombau 
when the 


gh spent half of each month at the telescope and the other half, 
presence of even the crescent Moon above the horizon made 
Sty to bright for such sensitive telescopic photography, at the blink 
tae cope. His sessions at the blink microscope would last three to six 
pie beyond that the numbing routine was so exhausting that he could 
OP hy alert. The average star count per photograph was 160,000. 
not atthe sky toward the center of the Milky Way yielded plates filled 
Ada million stars. "T came to dread the Milky Way regions,” said 
n. 
em the plates so that he could blink a few hundred stars at 
examining each one for a telltale change in position. Tiny ir- 
ities in the concentration of silver grains in the photographic emul- 
ons gave rise to dozens of false planet suspects on every plate. There 
Were numerous Variable stars that were visible at maximum brightness 
futinvisible at minimum. They too could look like stars that had moved. 
But "even more appalling” were the problems caused by asteroids. 
‘These minor planets in orbit around the Sun had a motion similar to but 
generally faster than the planet he was seeking. Yet when the Earth caught 
wp with and passed each minor planet, it would appear to stop, go 
backward (retrograde motion), and then move forward again. When 
traveling slowly near a transition point to and from retrograde motion, 
theasteroids closely mimicked the movement of a trans-Neptunian planet. 
Often in the course of examining each star on every plate, Tombaugh 
saw a starlike object that changed position, but each time it proved to 
te an asteroid. 
After much thought, Tombaugh solved the problem by photographing 
the sky 180 degrees from the Sun's position (part way up the southern 
sky at midnight). Here the retrograde motion of a distant planet and an 


atime, 


Orbit of cuter peg i9 e 0n Ro 


- p 
Earth's orbit 


As the Earth catches up 
with and passes a 
slower-moving outer 
planet, that planet ap- 
pears to stop and back 
up (move westward) in 
the sky. As the Earth 
moves ahead of the 
other planet, it appears 
to stop its retrograde 
motion and resume its 
direct motion eastward 
among the stars. 
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asteroid would be most noticeable In fact, at opposition all the a 
moved enough during the one-hour exposures to create a trail 
photographic plates, thus allowing him to discriminate them f 
planet he sought. 

Each photographic plate required a one-hour exposure. Each 
plates required three days to a week or more of blinking. It 
dening work. 


confided to him, "Young man, I am afraid you are wasting 
If there were any more planets to be found, they would have 
long before this.” 


By early September, Tombaugh decided to search not just thea 
Lowell had predicted the planet would be but the entire zodi 
little confidence in Lowell's predictions because they were ba 
on the idea that the location of a ninth planet could be at least 
established by the trans-Neptunian aphelia (far points in their 

a family of comets. He resolved to make his search so thoroi 
nothing was found, I would be able to state such a planet does no 
Late in January 1930, Tombaugh was photographing the 
tion of the constellation Gemini. His search of the zodiac had n 
full circle. He had returned to the region that he began with. 


Expanding 
the Search 


He returned to the Delta Geminorum region again on January 2 
Negative 165. This time seeing conditions were very good. 

He made his third plate of the area, Negative 171, on January 
the seeing was very good. 

The January 23 and January 29 plates were taken under the m 
conditions, so he planned to blink them against one another 
time permitted. There were many other plates to be exami 

Tombaugh began the blink analysis of the Delta Gemino 
on February 15. Three days later, late in the afternoon, he had m 
way through one-quarter of the stars on these photographic pla 
at 4:00 M. on February 18, 1930, two weeks after his 
birthday, Clyde Tombaugh saw a star shifting back and forth asti 
microscope cut the view from one optically superimposed pla 
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other, It was 15th magnitude fainter than the object expected. "That's 
it” Tombaugh said to himself. 


A terrific thrill came over me. I switched the shutter back and forth, 
studying the images. Oh! I had better look at my watch and note the time. 
This would be a historic discovery. ... 

for the next forty-five minutes or so, I was in the most excited state of 
mind in my life. I had to check further to be absolutely sure. 


They were no defects on the photographic plates. The two dots didn't 
look like two different variable stars. The change in position between 
January 23 and January 29 was right for a trans-Neptunian planet in 
retrograde motion. He checked for the object on the January 21 plate 
and on the simultaneous photographs made by the 5-inch telescopic 
camera mounted piggyback on the 13-inch. The object was real. 

For 45 minutes he had been the only person on Earth to know of the 
existence of a ninth planet. At 4:45 pm. Tombaugh called across the hall 
to Lampland that he had found a trans-Neptunian planet. Yes, said 
Lampland, "I heard the clicking of the comparator suddenly stopped, 
thena long silence." Lampland immediately began studying the images. 
"Then," said Tombaugh, 


I walked down the hall to V. M. Slipher's office. Trying to control myself, 1 
stepped into his office as nonchalantly as possible. He looked up from his. 
desk work. "Dr. Slipher, I have found your Planet X." I had never come 
to report a mistaken planet suspect. He rose right up from his chair with 
an expression on his face of both elation and reservation. I said, "TIl show 
you the evidence.’ 

He immediately hurried down the hall to the comparator room. I had to 
step lively to keep up with him. 


"[T]he air was tense with excitement,” Tombaugh recalled. Vesto 
Slipher insisted that there should be no announcement until the obser- 


The discovery of Pluto. 
Here are small sections 
of the plates on which 
Clyde Tombaugh 
discovered Pluto on 
Tebruary 18, 1930. The 
photographs were taken 
on January 25, 1950 
(left), and January 29, 
1930 (right). iuto, 
marked by an arrow, 
revealed itself by its 
motion. 

Lowell Observatory 
photograph 
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Plate 1. With its giant dark spots, bright white clouds, and bandis 
atmosphere, Neptune showed Voyager 2 more visible features than Sg 
or Uranus. Neptune rotates eastward (toward the right) on its axis ong 
16 hours 7 minutes, but the spots move at different speeds wit 
atmosphere. 

NASA/Jet Propulsion Laboratory 


Plate 2. Voyager 2 at Neptune and Triton (Artwork by Don Davis} 
NASA/Jet Propulsion Laboratory 


Plate 3. Voyager 2 launch, August 20, 1977 
NASA/Jet Propulsion Laboratory 


Plate 4. Voyager 2 images of Uranus. On the left is Uranus in real colo 
atmospheric details are visible. On the right is a computer-enhanced 
of Uranus, with false color added to bring out detail. Now the at 
shows bands that run parallel to the equator. The south polar atm 

of Uranus (pointed toward and a little to the left of us) is slightly da 
color. 


NASA/Jet Propulsion Laboratory 


Plate 5. A Voyager 2 image of Uranus, with computer enhancement andi 
color added, shows a very large cloud (more than 5,000 miles 
kilometers] long) in the planet's atmosphere in the one o'clock position, 
south pole of Uranus is pointed almost directly at us, so this cloud lies 
the equator. (The doughnut-shaped rings in the picture are caused by di 
in the camera.) 

NASA/Jet Propulsion Laboratory 


PLATE 1 


Plate 6. Uranus and its ring system seen from Miranda. Separate 
2 images have been used to simulate what a spacecraft near Miranda, 
see of Uranus, 

NASA/Jet Propulsion Laboratory 


Plate 7. From above the north pole of Uranus, artist Ron Miller vi 
the narrow Uranian rings which circle the planet's equator. 
© Ron Miller 


Plate 8. Voyager 2 found fault valleys up to 12 miles (20 kilometers} 
on the Uranian moon Miranda. Artist MariLynn Flynn imagines astvo 
at the bottom of this canyon with a crescent Uranus in the sky. 


fe PLATE 2 
© 1987 Marilynn Flynn 


PLATE 3 


CRAF (Comet Rendezvous Asteroid Flyby) mission near a comet as 
Mifare ices vaporize, Astronomer and artist William K. Hartmann imagines 
fiat the comet's high carbon content gives it a reddish color. 

© Painting by William K. Hartmann 


plate 9. 


Plate 10. The formation of the solar system: Planetesimals accrete to form 


planets. 


D Painting by William K. Hartmann 


Plates 11 and 12, Charon casts a shadow on Pluto. Here, artist Joe Shabram 
views the eclipse from two angles: from Charon and at a distance from both. 
Pluto, with polar ice caps, reflects more light than Charon. Nighttime on 
Charon is not completely dark because of sunlight reflected from Pluto. That 
sunlight, in turn, is reflected from Charon back to Pluto and keeps the 
‘shadow cast by Charon from being completely black. Note the size of Charon 
fend ts shadow of equal diameter) compared to Pluto. 

6 1988 Joe Shabram 


Plate 13. Astronomer and artist William K. Hartmann depicts Chiron, the 
outermost known asteroid, passing over the pole of Saturn. Chiron roams 
from just inside the orbit of Saturn to almost the orbit of Uranus. 

© Painting by William K. Hartmann 


PLATE 12 PLATE 15 
Plate 14. The nucleus of a comet was seen for the first time when the Euro- 


pean Space Agency's Giotio spacecraft used its Halley Multicolor Camera 
to photograph Halley's Comet during its flyby on March 13, 1986. Comet 
Halley's nucleus is jet black in color and irregular in shape—about 10 miles 
(15 kilometers) wide. Gases from vaporizing surface ices carry dust grains 
outward in jets. Comets may be planetesimals left over from the formation 
of the outer planets and their moons. 

© 1986 Max-Planck-Institut fur Aeronomie, Federal Republic of Germany; 
courtesy of H. U. Keller 


Plate 15. Looking back at Uranus, Voyager Z took this farewell picture as 
it began its 3.5-year journey to Neptune. Uranus is never visible as a cres 
tent from Earth. 

NASM/Jet Propulsion Laboratory 
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vation could be thoroughly confirmed. "Don't tell anyone until we 
it for a few weeks," said Slipher. "This could be very hot news 
Tombaugh didn't even tell his parents. They found out about th 
discovery after the formal announcement almost a month 
the editor of their county newspaper called. 


a College Observatory Was scheduled to deliver a talk on astronomy 
small audience in Philadelphia on the evening of March 14. He de- 
toe to include mention of the new planet. The lecture had to be moved 
a ballroom so that a thousand extra people could be accommodated. 
ong he showed a slide of Percival Lowell, the audience gave a 
B eos ovation—greater, Shapley felt, than any Lowell had received 
in his lifetime." ^ 
But Shapley and others were annoyed at and soon critical of the Lowell 
Observatory for withholding all but one position for the new planet 
Slipher had released enough information for other observatories to con- 
dim heplanet's existence but not enough so that other astronomers could 
fompute the orbit of Pluto without accumulating their own positional 
observations over a period of a month or so. By hoarding their January- 
fhroagh-March observations, the Lowell Observatory astronomers had, 


‘To confirm the existence of the new planet, the Lowell astronom 
cided to rephotograph the region where the suspect had been fou 
that night, February 18, was overcast. Tombaugh, trying to fill 
went off to Flagstaff to see Gary Cooper in The Virginian. "Ther 
never be another day like that one,” Tombaugh reckoned lat 
‘The weather cooperated at least to some degree on the next four 
Tombaugh captured the object with the 13-inch telescope on fẹ 


Confirmation 


Vesto M. Slipher, direc- 
tor of the Lowell Ob- 
servatory after Lowell's 


19, 21, and 22. On February 20, Slipher, Lampland, and Tomi MEO elven themselves enough data sothatthetrorbitehcompula: death i 
amined Pluto visually with the 24-inch (61-centimeter| refractor. T tion could be better than others. ioe T 


Even so, two orbital computations appeared before that of the Lowell 
Observatory. The first (released April 7] was from Armin Otto Leuschner, 
Brest C. Bower, and Fred L. Whipple at the University of California, 
Berkeley, which gave a cometlike parabolic orbital approximation for the 
new planet. Its distance from Earth, they computed, was 41 astronomical 


night, Lampland photographed the suspect with the 4; 
(107-centimeter| reflector* under seeing conditions listed as p 
object had no discernible disk, the tip-off of a planet. Yet it 
tail, fuzzy coma, and other features of a comet. Sadly, there was 
visible, which would have quickly confirmed it as a planet 


Carl O. Lampland, 
assistant director of 
Lowell Observatory 
Lowell Observatory. 
photograph 


have offered a means to measure its mass. 

Although everyone on the Lowell Observatory staff was confide 
the discovery, Slipher delayed the announcement so that fı 
matory observations could be made. He also wanted to geta 
on the computation of the planet's orbit so that the Lowell Obse 
could be the first to publish it. He wanted as well to gather as 
formation on the new planet as possible before the observatori 
larger telescopes overpowered their work. Slipher invited John A. 


to come to Flagstaff to compute the planet's orbit. Miller, directors 


Sproul Observatory at Swarthmore College, was a specialist inc 


mechanics and had taught the Sliphers and Lampland ath 
University. 

On March 12, 1930, at 10:00 pM. Arizona time—midnight in 
Slipher sent a telegram to the Harvard College Observatory, 
for the announcement of astronomical discoveries. The discove 
trans-Neptunian planet was announced the next day—Mareh 
Tt was the seventy-fifth anniversary of the birth of Percival 
the one hundred forty-ninth anniversary of William Herschel! 
of Uranus. The ninth planet had been found within 6 degrees 
predicted by Percival Lowell in 1915. 

The story was front-page news around the world, and the sca 
interest amazed the Lowell staff. Harlow Shepley, director of 


units and the inclination of its orbit was 17 degrees. On April 8 a cir- 


LOWELLS CALCULATIONS AND MY SEARCH 


by Professor Clyde W. Tombaugh 


Ithas been stated by some writers of the Pluto story 
that Percival Lowell's calculations greatly aided my 
finding Pluto. Quite to the contrary, when I found 
out in the latter part of 1929 how Lowell had 
drastically changed his predicted position of Planet 
X from Libra to Gemini, this indicated to me that 
considerable uncertainty was involved, and I could 
not take the prediction seriously. 

At the start of my trans-Neptunian planet survey 
at the Lowell Observatory in the spring of 1929, I 
photographed the region where Lowell had pre- 
dicted Planet X to be and the two Sliphers blinked 
the three pairs of plates I had taken, spanning 
Gemini. Asit turned out, the Pluto images were on 
the Delta Geminorum pair, but the Sliphers missed 
them. Since the Sliphers failed to detect the Pluto 


images on these plates, I wrote Gemini off and con- 
cluded that Planet X might be anywhere in the 
zodiac belt, if indeed Planet X existed at all. I in- 
tended to thoroughly search the entire zodiac. After 
Ibecame experienced in blinking in the fall of 1929, 
I realized that the Sliphers had scanned the plates 
too hastily and that I should rephotograph the 
Gemini regions again, this time under the proper 
observational strategy, and then thoroughly blink 
the new plates. el 

Irephotographed Gemini when it returned to op- 
position in January 1930. I was blinking one of the 
pairs of plates when I found Pluto two-thirds of a 
degree east of the star Delta Geminorum on 
February 18, 1930. 
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Naming the 
Planet 


W 


Venetia Burney, age 11, 
from Oxford, England, 
was studying myth- 
ology in school when 
she heard about the 
discovery of the ninth 
planet and proposed 
the name Pluto. 

Mrs. E. Maxwell Phair 


cular orbital approximation from the Cracow Observatory in Polan 
published in the United States. 

On April 12, 1930, Slipher was ready and the Lowell Observa 
leased its provisional orbit along with anumber of planet posit 
work, led by Miller, calculated that the ninth planet had an ey 
elliptical orbit (eccentricity of 0.909) and a period of 3,000 year 
initial calculations cast some doubt on whether the object was ay 
or not. The problem was that a decent orbit was hard to calci 
the object had moved sucha tiny amount along its path. On May 
astronomer Andrew C. D. Crommelin reported that the new plan 
part ofa field photographed at the Royal Observatory of Belgium af 
on January 27, 1927, thereby extending the recorded arc of the 
motion by more than three years. The new calculation showed 
less elliptical orbit (eccentricity 0.287) and a period of 265.3 year 
trans-Neptunian object now had a clearly established planetary 
and this status was never again seriously challenged. These figur 
close to the actual values for the ellipticity and period of Pluto 
were also close to Lowell's prediction for Planet X. 


Meanwhile, suggestions for names flooded the observatory. Mrs. 
first proposed Zeus, then decided that the old gods were worn 
that the planet should be named Percival. Then she changed h 
again and proposed her own first name—Constance. In a final effo 
urged the name Planet X. Again, Slipher refused to be pressure 
a quick announcement. He personally favored the name Miner 
dess of wisdom, but decided that that name was too firmly atta 
an asteroid. Acceptable alternatives, he felt, were Cronus and 
Cronus was suggested by "a certain detested egocentric astron 
so this name was discarded.’ (The rejected name had com 
Thomas Jefferson Jackson See, an early and abrasive Lowell Ob 
staff member.) The name Cronus (or Kronos) was also consider 
than optimal because Cronus is the Greek equivalent of Saturn, 
already well represented in the sky. 
The name Pluto was officially proposed by Slipher on May 1) 
Pluto had actually been one of the first name suggestions received: 
Lowell Observatory. It had come from Venetia Burney, an 118 
schoolgirl in Oxford, England, who was learning about Greek a 
mythology in school and thought that such a dim and gloom 
should be named for the god of the underworld. As a symbol 
Slipher proposed PL, formed from the letters P and L, the firsti 
ters in the word Pluto. They were also the initials of Percival 
William H. Pickering, author of many outer-planet predictions 
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unhappy with the choice of Pluto as a name, From his retire- 
i and private observatory on the island of Jamaica, he com- 
pert A he had intended to use the name Pluto when his Planet P 

Bed although he had never published his intention). Eventually 
yas fours rd himself to the name Pluto and its PL symbol, comment- 
r Ria visiting astronomer, "That's a good name Pickering-Lowell!"* 
ingtoavis 


was shown to have a planetary orbit, the question arose as 
ther Lowell or Pickering had been more accurate in his predic: 

fo whet IM it was solely Lowell's calculations that had spurred the 
Cm led to the discovery of Pluto at his observatory, but Picker- 
Sea rly similar predictions had lent some credibility to the search, 
ing well predicted orbital elements for Pluto were reasonably close 

E ec except for the critical element of location, better overall than 
AD ns’ and Le Verrier's predictions for the orbit of Neptune. Pluto was 
Mai within 6 degrees of the locations specified by both Lowell and 
Pickering (in his 1919 prediction of Planet O). Pickering was actually 0.1 


Once Pluto 


degree closer. 


Whom to Credit 


A diagram of the actual 
orbit of Pluto compared 
with the orbits 
predicted by Lowell in 
1914 and Pickering in 
1928. The orbits are 
approximated by circles 
with the positions of 
their centers noted. 
Dennis Rawlins 
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Lowell's prediction was more nearly correct than Pickeri 
planet's distance from the Sun, orbital eccentricity, longitude of pe 
perihelion date, and period. Pickering's 1919 prediction was ¢ 
the mark in orbital inclination, longitude of ascending node, 
magnitude. 

Pickering had revised his Planet O prediction in 1928 so marked 

the anticipated object was very different from his 1919 planet, T 
prediction foresaw an object with a mass of only 0.75 (still clo 
truth) and with a most unusual orbit that crossed inside of 
All other aspects of Pickering’s 1928 Planet O prediction 
spicuously wrong. 
At first it looked as if the roles of Adams and Le Verrier 
replayed: Two dedicated researchers had independently sol 
lem that the scientific community had doubted could be solved, 
insight had been vindicated by a striking discovery. 

But as more data flowed in, the question became whether Pluto 
where Lowell calculated it would be, was actually the Planet X| 
had predicted. The overwhelming problem, right from the b 
‘was one of mass. Pluto showed no disk to observers, even with 
telescope at that time—the 100-inch (2.5-meter) one on Mount W 
Thus Pluto had to be small, far smaller than the 6.6 Earth 


LOWELLS AND PICKERING’S PREDICTIONS FOR PLUTO! 


Lowell's Plane ickering' 
Orbital Elements ie pasar 2 E 
Mean distance. 

(astronomical units) 43.0 55.1 39.5 
Eccentricity 0.202 031 0248 
Inclination about 10° about 15° 171° 
Longitude of node {not predicted) about 100° 109.4° 
Longitude of perihelion ^ 204.9" 280.1° 223.4° 
Period (years} 282 4091 248 
Perihelion date February 1991 January 2129 September 1989 
Longitude (1930.0) 1027* 1026* 108.5° 
Mean annual motion 1,2411° 0.880° 1451° 
‘Mass (Earth=1) 66 20 less than 0.7 
Magnitude 12-13 15 15 


"Based on William Graves Hoyt, Planets X and Pluto (Tucson: Univer. 
sity of Arizona Press, 1980), p. 221 
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had predicted; even smaller than the 2.0 Earth masses that Picker- 
iy (1919) had predicted. The mass could certainly be no greater than 
ing fof our planet. Then how was it possible that distant Pluto could have 
em disturbed the motion of Uranus, a billion miles (1.6 billion 
Slometers| away at its closest—as far as the Earth is from Saturn? 
Yet, could it be that two independent researchers would so nearly co- 
incide in their predictions and that their predictions would so nearly 
incide with reality unless their work was valid? 
whe controversy continued for many years. Throughout those years 
new telescopes and techniques kept whittling away at the size of Pluto. 
‘Measurements by University of Hawaii astronomers in 1976 found spec- 
troscopic evidence of methane frost on its surface. Such an icy covering 
could give Pluto a high albedo (reflectivity). But a high reflectivity meant 
that the planet was still smaller than previously expected—smaller than 
our Moon. Under those circumstances, Pluto's mass could be only a few 


thousandths that of Earth. 


O S 


CLYDE TOMBAUGH AFTER PLUTO 


Clyde Tombaugh took leave from the Lowell Ob- 
servatory each school year beginning in the fall of 
1932 to formally study astronomy at the Univer- 
ity of Kansas on a scholarship. He entered as a 
26year-old freshman and tried to enroll in the 
freshman astronomy class. But the head of the 
department was adamant: "For a planet discoverer 
to enroll in a course of introductory astronomy is 
unthinkable." 

At the end of spring semester 1934, he married 
Patricia Irene Edson from Kansas City, and they 
spent their honeymoon in Flagstaff. They had two 
children. In 1939, Tombaugh received a master's 
degree in astronomy. 

As his planet search through the entire sky from 
Flagstaff neared completion, Tombaugh was 
drafted, in July 1943, the middle of World War II, 
to teach navigation for the Navy at Arizona State 
College at Flagstaff. 


*Dinumore Ale quoted in Clyde W Tombaugh and Patrick Moore, Out 
Ale Darkness: The Planet Piuto Harrisburg, Pennsylvania: Stackpole 


Boos, 1980, p. 160. 


Following the war he was visiting professor of 
astronomy at UCLA for a year and then, in 1946, 
went to the White Sands Missile Range in New 
Mexico as the supervisor of the Optical Tracking 
Section. There he developed a tracking telescope 
that could see the tail fins on V2 rockets at an 
altitude of 100 miles (160 kilometers). Tombaugh's 
work led to the tracking cameras that follow 
manned and unmanned rockets from launch to or- 
bit today and that, aboard spacecraft, look down 
on Earth to provide pictures with incredible detail. 

In 1955 he was appointed associate professor at 
New Mexico State University, where he helped to 
found the Department of Astronomy. He became 
a full professor in 1956. He has been professor 
emeritus since 1973 and continues to inspire 
students with his lectures on astronomy. 

In honor of his service and achievements, New 
Mexico State University is establishing a Clyde 
‘Tombaugh Scholars Endowment to assist postdoc- 
toral astronomy students and an endowed profes- 
sorship, the Clyde Tombaugh Chair in Astronomy. 
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A Bulge 


The matter was settled in June 1978 when U.S. Naval O 
astronomer James W. Christy was examining pictures of Pl 
April 13 and 20 and May 12, 1978. These photographic pla 
exposed at the Naval Observatory's station in Flagstaff, A 
four miles from the Lowell Observatory, where Pluto was 
Christy found a bulge in the image of Pluto—a bulge that 
Position on the second plate. Christy immediately interpre 
asa satellite in revolution around Pluto, and examination of 
photographs verified it. 

As a name for Pluto's moon, Christy chose Charon, the 
Greek mythology who ferries the souls of the dead across 
woe and lamentation to Pluto's underworld. Beyond its my 
propriateness, Christy was especially fond of the name be 
name is Charlene—nickname: Char. 

The presence of a moon in orbit about Pluto allowed for the 
tion of the mass of the combined Pluto/satellite system. This. 
by Christy's Naval Observatory colleague Robert S. Harri 
a mass of about two-tenths of one percent (0.002) of the Ea 
only about 20 percent the mass of our Moon. 

‘The mass of the Pluto-Charon system was hopelessly ina 
produce measurable gravitational perturbations on Uranus or 
Pluto could not be Percival Lowell's Planet X. The planet foi 
the planet sought. What had seemed to be another triumph. 
mechanics turned out to be an accident. 

Or, rather, Pluto had been found not by theory but by the 
and thoroughness of Clyde Tombaugh's search. 


Toward 
Uranus 


«fate often smiles kindly upon great endeavors.” 
Charles Kohihase, Voyager Mission Design Manager 


flashlight provi ight i has provided 
it provides more light in one second than Uranus p 

Em in the 200 years since it was discovered by Herschel in 1781. 

No wonder that two centuries passed before Uranus was revealed in 


detail. 


Matching Uranus as scarcely more than a dot in the skies had told 
astronomers about its orbit. Watching its moons in orbit had told 
astronomers the mass of Uranus and that the planet was lying on its side 
asit revolved about the Sun. Nearly every time a large new telescope 
went into operation, it was trained on Uranus (and Neptune) to try to 
ses details, to measure a rotation period, and to discover new satellites. 
Uranus was uncooperative. 

Astronomers settled into a routine. The size of Uranus was refined. 
‘The orbits and periods of the Uranian satellites were refined. The mass 
of Urenus, calculated from its satellites’ periods, was refined. 

Claims to have seen surface markings on Uranus were made and not 
confirmed and made again later by others. But ever-improving telescopes 
still could not confirm details on the face of Uranus. 

Uranus as seen from Earth is the size of a golf ball seen at a distance 
of L5 miles (2.5 kilometers). With no distinct atmospheric clouds, bands, 
‘orstorms to provide contrast, the period of rotation for Uranus—the length 
ofits day—was difficult to measure. Even spectroscopy—breaking down 
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An excellent view of 
Uranus from Earth, 
showing the five moons 
known before the visit 
of Voyager 2 in 1986. 
The satellites are the 
bright, starlike objects 
closest to Uranus. 
Titania is at the one 
oclock position; Mir- 
anda is at four oclock, 
almost lost in the glare 
of Uranus; Umbriel is at 
seven; and Oberon and 
Ariel are at eleven, with 
Oberon the more dis- 
tant. The south pole of 
Uranus is pointed 
almost directly at us, 
50 these moons revolve 
like a spot on the hand 
of a clock. This picture 
was taken by W. Liller 
on June 12, 1977. with 
the 158-inch (4-meter) 
telescope at the Cerro 
Tololo Inter-American 
Observatory in Chile. 


National Optical Astronomy 
Observatories 


light into its component wavelengths to study subtleties such as 
position, temperature, and atmospheric flow—was very difficult 
prone to error for such a small, faint object at a distance of almost 2bil 
miles (3 billion kilometers}. 


of moons known for Uranus had risen to five. The atmosphere, 
pected from the example of Jupiter and Saturn, was known § 
predominantly hydrogen. The pale bluish-green color of the planeti 
be assigned to a very small percentage of methane in the atmosp 


Uranus of about 10 hours 50 minutes.? 

And that was pretty much all that was known. But the dist 
faintness of Uranus did not stop Earth-bound astronomers fr 
every technique at their disposal to wring more secrets from 
world. A big surprise came unexpectedly from a flying tele 
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h 10, 1977, several independent teams of astronomers were in 
em Hemisphere to watch as Uranus passed in front of a star. 

osition and speed of Uranus in orbit were well known, a tim- 
Preultation could provide improved information about the size 
t. Observation of the way the star's light me as Uranus 

" id reveal the nature of the planet's atmosphere. 
E. E er of astronomers, led by James Elliot, was aboard 
Eso Airborne Observatory, a converted military C-141 Siarlifter 

iet carrying a 36-inch (0.9-meter] telescope and photometry equip: 

iw were flying over the southern Indian Ocean at 41,000 feet 
Eo meters] to surmount as much as possible of the Earth's turbulent 
[1250 here and especially its water vapor, which absorbs the infrared 
ae that could provide information not obtainable from the surface of 
Um Because the position of the star to be occulted was not known 
with the greatest exactitude, the sensing equipment was tumed on 47 
minutes early to avoid missing the event. i 

The action began immediately. The light from the star dimmed, 
brightened, then dimmed again, flickering at least five times. Yet the edge 
of Uranus had not yet encroached upon the star. And no flaw in the in- 
struments could be found. What was going on? Had a series of undetected 
Uranian satellites caused the flickers? ; 

‘As Uranus moved on in its orbit and the star emerged from behind 
ils disk, the flickers repeated themselves in reverse order. Such symmetry 
‘could not be the result of moons. The Kuiper Airborne Observatory team 


On Marc 
the South: 
Since the 


of the occu! 


of the plane! 


Dimmings 


NASA's Kuiper Airborne 
Observatory. The rings 
of Uranus were 
discovered in 1977 us- 
ing the 36-inch (91.5- 
centimeter) telescope 
aboard this converted 
C-141 Jet transport. By 
flying high above the 
clouds, astronomers 
can study infrared 
radiation from celestial 
objects. These 
wavelengths are ab- 
sorbed by water in the 
air before they reach 
the ground. 

NASA 
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To Uranus and 


Neptune, Maybe 


A Grand Tour 


joked about the possibility of a ring system immediately but dj 
the idea because narrow rings were unknown and thought 
plausible. Elliot hit upon the correct interpretation four days lat 
after he returned to the United States. No other conclusion: 
Uranus had a ring system.’ Saturn was not unique. 
Careful analysis of the flickers showed nine rather than f 
Uranus—all very thin and dark compared with the rings of 
served from Earth. It was the first ring system to be discovered 
in more than 350 years. 
But how could such narrow rings be preserved? Collisi 
particles in the rings should spread them out into a broad, 
debris like the rings of Saturn. So, typical for science, a 
discovery raised challenging new questions. How and when h 
a strange ring system developed around Uranus? And how couldit 


By the time that the rings of Uranus were discovered, 
spacecraft were already at the Kennedy Space Center being. 
for launch. The prime objectives of the Voyagers were Jupiter 
Each probe would fly past both planets. Voyager 2 could th 
on to Uranus and Neptune, but only if Voyager 1 succeeded 
If Voyager 1 failed, Voyager 2 would be retargeted for a look 
moon Titan, a satellite with an atmosphere. Even if Voyager 1 suc 
and Voyager 2 could travel on to Uranus and Neptune, there: 
assurance that the spacecraft could continuc operating long. 
Yet if Voyager 2 could survive, it could collect in six hours ¢ 
Uranus far more information about the planet than had been; 
to gather in the 200 years since it was discovered. The spacecr 


Measure more exactly the size and mass of Uranus. 
Analyze the atmosphere of Uranus. 

Detect a magnetic field of Uranus. 

Examine the known moons and rings of Uranus and lo 
discovered ones. 

Search for clues to explain the axial tilt of Uranus, theo 
rings, and the evolution of the Uranian system. 


On August 20, 1977, America's Voyager 2 space probe rod 
Centaur rocket away from Earth on a trajectory that could c 
Jupiter in such a way that the largest planet's gravity would sl 
craft on to Saturn. With care, it would have the right path sot 


gravity of Saturn could, in turn, hurl the vehicle on toward Uranus 


withjust 


large: 


Only o 


shat spe 
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the right position and time of encounter, Voyager could use the 
"i Uranus to venture on to Neptune. It was a Grand Tour of the 
gavit ^. planets in the solar system. 


n 


mort 


ce every 175 years do the outer planets align themselves so 
cecraft can, with minimal fuel, use the gravity of one to change 
to another and repeat that process twice more so that four suc- 
e distant planets can be reached. Through most of two cen- 


arocket leaving Earth can visit only one or occasionally two outer 
"= But for a very brief period once in every 175 years, space 
«rs and scientists can squeeze four planetary visits out of one space 
s f that craft can last more than 12 years and still function in an 
of ment where diminishing sunlight plunges the temperature toward 
E ow zero Fahrenheit (-240* Celsius]. ee 
"he Voyager 2 Grand Tour mission to four planets almost didn't 


happen-three times. 


Voyager 


September 5, 1977. 


= Voyager 2 launched 
1 launched XN 20, 1977 


Jupiter 
March 5, 


The gravity-assisted flight paths of Voyagers 1 and 2. 


planets, 


r 
tero 


Jupiter 
July 9, 1979. 


Satun 


November 12, 1980 Saturn 


August 25, 1981 


2 makes a Grand Tour of all four giant outer 


Earth's orbit 


August 24, 1989. 


Pluto's orbit. 
January 1990. 


Neptune. 


Uranus 
January 24, 1986 
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Obstacles 


The opportunity began to take shape in 1965 with discoveri 
Flandro and Michael Minovich that the gravity of the giant pl 
be used to change the speed and course of a spacecraft so 
fly on to anew destination. Specifically, Flandro determined, a 
could use the gravity of Jupiter to accelerate on to an outer 
little or no further expenditure of fuel and with a great saving 
Most fascinating of all, Flandro found that the outer planets: 
positioned in 1977 for a four-planet trip. A standard racket 
from Earth to Neptune without gravitational assist would hav 
40 years.‘ The Grand Tour, as Flandro named it, would 
craft to visit the four giant planets in 12 years. 

But there was a severe constraint. The last time the four gi 
had been favorably positioned for a Grand Tour was during 
cy of Thomas Jefferson. The next opportunity centered on 19 
a spacecraft be built in timeto take advantage of this rare pla 
The challenges were formidable. In 1965, man had not yet w 
the Moon. Only one spacecraft, NASA's Mariner 4, had react 
as Mars. To fly a 12-year mission so far from the Sun would not} 
capabilities, it would require the development of new te 


With substantial power needs and yet sparse sunlight in the 
system, it would not be possible to use solar panels to provi 
ty for the spacecraft. Instead the project would require 
generators. 

At such great distances from Earth, the spacecraft's onboard og 
would have to be able to recognize and handle emergencies, si 
communication with the Earth would require hours. 

Finally, the spacecraft systems and scientific instruments 
to last at least 12 years—a duration of time in 1965 that was lon 
the space age was old. 

As daunting as the challenge of the Grand Tour was, the pi 
congressional approval was greater. The mission was 
December 1971. Most of the technical problems of a Grand’ 
been solved—Pluto had even been added to the itinerary—butC 
balked at a price tag of nearly $1 billion. The United States h 
the Moon but had no long-range plan for space exploration? 

In the summer of 1972, Congress voted $360 million for a less ar 
project: a flight to Jupiter and Saturn by two probes patterned a 
Mariner probes that had successfully flown past Mars and Ven 
Jet Propulsion Laboratory in Pasadena, California, operated fo 
by the California Institute of Technology, would be the lead & 
the project. 
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The 


porter two planet flight required spacecraft designed for only a 
she eon not 12. The Mariner Jupiter-Saturn project would use 


ission i 
ional assist at Jupiter to reach Saturn, but the Grand Tour mis- 


ee encompass four planets was dead, 


D Gary A. Flandro 
PARTI 


at led directly to the Grand Tour began 

p A Laboratory in 1965 when I 
Mas given a summer position to supplement my 
Me D stipend asa graduate student in aeronautics 
m California Institute of Technology. I had 
worked at JPL several times previously doing 
engineering work on missile trajectories, aerody- 
amics, and guidance systems. I learned as much 
from working there as from any of my formal 
testudies. The outstanding engineers at JPL 

fad been a major inspiration for me to pursue 

graduate studies in space science, = 

My supervisor was Elliot "Joe" Cutting, with 
whom I had worked earlier on some trajectory 
problems. Joe assigned me the task of identifying 
possible unmanned missions to the outer planets. 
That was quite a leap at a time when America’s 
Jongest spaceflight had been Mariner 4 to Mars. 
The mere thought of missions to Saturn and beyond 
caused spacecraft engineers to tremble. The great 
distances to those bodies required long flight times. 
In 1965 the problem of building reliable mechani- 
cal and electronic devices with lifetimes long 
enough for trips to Mars (about 9 months) had not 
been truly solved. Missions that required vehicles 
to perform flawlessly for 9 years or longer were 
thought to be beyond our technical capability. 
Flights to Jupiter would take about 2 years, possibly 
just within our grasp, but missions to Neptune or 
Pluto would require approximately 40 years with 
the minimum energy transfer trajectories used in 
Most space exploration. Another very worrisome 
problem was the difficulty of communicating over 
Such vast distances. In light of these and other prac- 
tical considerations, NASA and JPL management 


SCOVERY OF THE GRAND TOUR VOYAGER MISSION PROFILE 


Gary A. Flandro 
Courtesy of Gary A. Flandro 


had little interest in outer-planet exploration in 
1965. 

It was a great challenge to try to make explora- 
tion of the outer planets practical. I examined the 
conventional spaceflight trajectories to reach an 
outer planet with the least energy expended, in 
which a spacecraft is treated as a miniature planet 
in an elliptical orbit around the Sun. The vehicle's 
perihelion is the Earth's orbit, its aphelion is the 
target planet's orbit, and the flight is timed 5o that 
the spacecraft will arrive at the target planet's or- 
bit just as the planet itself reaches that position. For 
trips beyond Jupiter, the flights took too long. We 
needed more speed, but we could accelerate the 
payload in a mejor way only during the rocket burn 
following launch. After that, a spacecraft bound for 
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the outer planets constantly loses speed because of 
the Suns gravity. To get more launch energy re- 
quired either larger and more expensive rockets or 
much smaller and lighter space vehicles. Practical, 
limits in both those directions had apparently 
already been reached. Was there some other energy 
source that could be tapped en route to increase the 
speed of the spacecraft? That was the key 
realization. 

Astronomers had known since the late 1600s that 
when a comet passes close toa massive planet like 
Jupiter, its kinetic energy is changed tremendous- 
ly and its orbit is greatly perturbed. Spaceflight 
pioneers understood this but did not realize its 
potential. The earliest study of "indirect" trajec- 
tories that used intermediate planets to mold the 
flight path in a desirable way was by Walter 
Hohmann in his book Die Erreichbarkeit der Him- 
melskorper (The Accessibility of the Celestial 
Bodies), published in 1925. He called these 
multiplanet trajectories the “Hohmann route" and 
designed the first Earth-MarsVenus-Mercury flight 
paths. 

In this work also, he first described the Hohmann 
minimum energy transfer orbit—the cost-effective 
trajectory utilized by a majority of planetary space 
missions. 

Much later, indirect trajectories were proposed 
by Gaetano Arturo Crocco, the Italian scientist and 
aviation pioneer. He discovered that flight paths 
between the Earth, Mars, and Venus could be 
designed to utilize energy losses and gains in 
repeated close flybys to keep a space vehicle con- 
tinuously in what he called the Grand Tour of the 
inner solar system. Crocco described his discovery 
in 1956 to the Seventh International Astronautical 
Congress in Rome. 

‘The space age began the next year, but scant at- 
tention was paid at first to such trajectories in the 
technical literature on spaceflight. An exception 
was Krafft Ehricke, one of the original Peenemunde 
scientists. In Space Flight (1962), his voluminous 
work on applied celestial mechanics, he described 
the physical situation most clearly: “One rule, 
however, remains generally valid: If at all possible, 

maneuvers for changing the heliocentric orbital 


elements should be carried out during t4 
bolic encounter with a planet, rather 
heliocentric space. The greater the pla 
the greater the energy saving." But att 
early 1960s was focused on the completi 
ple one-target missions, so multiplanet flig 
did not attract much attention. 

By 1965, however, JPL investigators 
amining gravity-essist flight paths. Joe: 
Francis Sturms had devised a trajectory. 
nermost planet Mercury that used a flyl 
to drop the spacecraft in toward the Sun, 
cept became Mariner 10, the first s 
multiplanet mission, and returned 
tures of Mercury's surface. 

Also working on gravity-assist possibili 
summer at JPL was Michael Minovich, a 
graduate student in astronomy, but 
seldom crossed because he preferred to 
night. He was studying trajectories that 
flybys of Jupiter for the purpose of either, 
the solar system or making close approa 
Sun. Ifa spacecraft caught up with a 
behind, it gained energy and was flung out 
an increased speed instead of returning to 
ner solar system on its original elliptical t 
If a spacecraft crossed in front of a pl 
energy and fell in closer to the Sun. Joe Ci 
gested that I examine gravity assist as a mi 
reaching the outer planets. 

Strange as it now seems, many JPLe 
misconceptions about gravity assist in 
knew that because of gravity a spa 3 
gain speed as it approached a planet and lo 
as it coasted away, but they thought 
would be no net change in the spacect 
relative to the Sun. They failed to consi 
planet was in motion around the Sun an 
itself lose energy as it accelerated the 

Another misconception was that mult 
jectories took a spacecraft out of the most 
bital course to its final target and that 
gravity assist would increase rather than d 
flight time. This was a natural conclus 
from examination of Hohmann's calci 
early multiplanet concepts such as 
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aer 10. For Mariner 10 to travel from the Earth 
Marta toward the Sun required that kinetic energy 
inward iced, The net result was that flight time to 
m "ra Venus was longer than a direct ellip- 
M transfer would require. 

Fe work of Minovich on solar system escape 

edories demonstrated that these were truly 

ceptions. It became clear to me thet the key 
be outer solar system was to utilize the gravity- 
fofstmethod. It was also obvious that Jupiter, with 
feenormous mass to bend spacecraft trajectories, 
ihe best energy supply station, since its 
wa nce was reasonable, requiring typically a two- 
light time. 
E. considerations in mind, I began de- 
tailed studies of Earth-Jupiter Saturn trajectories. 
fous work of this sort had been elementary, 
timed just at establishing the feasibility of such or- 
fits My task was to calculate realistic mission pro- 
files so that estimates of actual flight times, 
payloads, and planetary approach distances and 
‘could be made. Of greatest importance was 
i identify "launch windows," periods during 
which such missions could be initiated. 

In July 1965, 1 found that the best launch dates 
for a Jupiter Saturn trajectory occurred in the late 
1970s, perfect timing for the developing space- 
exploration program. I located the optimum launch 
dates by drawing graphs of the planetary longitudes 
dor all of the outer planets. 

It was at this time that I discovered something 
‘hat had apparently not been noticed earlier: In the 
early 1980s, all of the outer planets would be on 
the same side of the Sun and in amazingly close 
proximity. This conjunction of the outer planets 
provided the inspiration for the Grand Tour mis- 
sion concept. I could see immediately that a single 
spacecraft could explore all four giant outer planets 
by using cach planet in succession to modify the 
Spacecraft's trajectory as necessary to rendezvous 
With the next planet in the series. 


PART 2 


This was a rare moment of great exhilaration. In- 
Stantly it was mixed with a considerable amount 


of skepticism; I found myself doubting that any- 
thing practical could be done with the Grand Tour 
in view of our nation’s slow progress in attaining 
spaceflight capability. However, ten years were 
available to overcome the engineering difficulties, 
and on second thought, motivation supplied by a 
goal like this one could have a real impact on 
progress. 

I immediately began work to determine if prac- 
tical multi-outer planet trajectories could be 
located, The trajectory computer programs 
available were not truly adequate for the job. I 
evolved a hand method using tabulations and 
graphs for "matching" the trajectories across each 
planetary encounter. Later, conic trajectory pro- 
grams were developed that automated this tedious 
process. I set up a sequence of about ten trajectory 
runs each night and submitted these to the pro- 
grammer (it was a job-shop computer operation in 
those days) and picked up the results the next mor- 
ning. I would then examine these results to deter- 
mine the next set of runs. 

It took about a thousand trajectories to map out 
the original mission profiles and launch dates for 
the Grand Tour. These were plotted on graphs 
showing launch dates versus arrival dates, with 
spacecraft launch energy as the variable. This made 
it easy to visualize when and how the best mission 
possibilities would occur. The best launch window 
was in September 1978, with acceptable windows 
in 1977 and 1979. The actual launch dates used in 
the Voyager missions were virtually the same as 
those worked out by primitive methods in 1965. 

Convincing others that the Grand Tour con- 
stituted a real mission opportunity was the most 
difficult part of the job. Cutting saw the possibilities 
immediately, but there were many naysayers in the 
ranks at JPL. They scoffed at designing a space 
vehicle that could survive many years and a close 
passage at Jupiter. : 

Eventually I was asked to present the Grand Tour 
concept to Homer Joe Stewart, one of my professors 
at Caltech, who also worked at JPL as director of 
the advanced concepts group. He saw the poten- 
tial instantly. 

The very next day, JPL issued a press release 
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describing the Grand Tour to the outer planets. 
Scrious consideration of a multi-outer planet mis- 
sion at JPL had begun. It eventually culminated in 
the successful Pioneer 11 and Voyager 1 and 2 
missions. 

Public opposition to the Grand Tour appeared at 
once. A hippie group, upon reading in the press 
release that the energy for flinging the spacecraft 
outward came at the expense of Jupiter's orbital 
energy, decided to organize the Pasadena Society 
for the Preservation of Jupiter's Orbit. They pa- 
raded in downtown Pasadena carrying signs, one 
of them wearing a flowing black cape and top hat, 
and held meetings for a short time in a good. 
natured way. Bat the real problems for the mission 
came later. 


PART 3 


The summer was over. My direct involvement 
with Grand Tour planning was finished, although 
for several years I continued to aid in the marketing 
of the mission concept by presenting technical 
papers and answering questions from the press. 
There was widespread acceptance of the idea with 
such notables as Wernher von Braun and President 
Nixon indicating support. In 1972, I received the 
annual Golovine Award of the British Inter- 
planetary Society in recognition of my work in 
celestial mechanics. I had been nominated for this 
award by William H. Pickering, the JPL director.’ 


William Hayward Pickering (b, 1910) is no relation to William Henry 
Pickering (1858-1933), predictor of trans-Neptunian planets 


In the meantime, things had not gone well 
Grand Tour mission. The original very ag 
JPL plan involved a spacecraft that 
ejected atmospheric probes and orbiters, 
termediate planet. That mission was c; 
1971 because of NASA budget restraint: 


based on the original Earth-Jupiter. 
assist flight path. 

When it became apparent that the oute 
Grand Tour mission would indeed fly, sey 
dividuals came forth claiming to be the or 
of the idea. Truly, the multi-outer pla 
concept is the outcome of the work of mai 
ple. Walter Hohmann, originator ofthe; 
trajectory, and G. A. Crocco deserve as mud 
as anyone for suggesting the use of gra 
in planetary mission design and for 
Grand Tour. The solar system escape a 
solar probe study by Mike Minovich der 
the benefit of the Jupiter gravity-assist m 

‘The two Voyager spacecraft proved so. 
the first legs of their flights that the Voyager 
plan was extended to perform the full fo 
Grand Tour mission, which culminate 
Voyager 2 made its final encounter, at Ne] 
August 1989, 24 years after my memo) 
mer at JPL. 


Resurrection 


Almost, but not quite. NASA began plans for a third Mariner 
be launched on a Jupiter-Uranus mission in 1979. In 1975, 
Uranus project and the third spacecraft were canceled for lack 0 
In 1977, the Mariner Jupiter-Saturn project was given 4 
manageable name—Voyager. And the Voyager management 


a final fond look at the Grand Tour plan. The highest priority 0 
at Jupiter and Saturn included not just data from the planets | 


close-up pictures and measurements of Jupiter's innermost 
To, and Saturn's largest moon, Titan. 
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e- 
asstill possible, with a 1977 launch, to fly the Grand Tour but on- 
pw 


iicingoptimum views of Io and Titan. If Voyager 1 flew suitably 
1o it would acquire so much velocity from Jupiter that it would 
dose to 1 turn too soon to be diverted on to Uranus. If Voyager 1 flew 
E m to Titan, it would leave Saturn headed in the wrong direc- 
sumi ch Uranus. i 
fon 1 f Voyager 1 gave up its option for a Grand Tour, it could examine 
2 and Titan close up as the central mission objectives required. 
Eois leave Voyager 2 in a backup position—ready to undergo mid- 
correction to fill in for Voyager 1 if it failed at Saturn. Butif Voyager 
ceeded at Saturn and Titan, Voyager 2 could follow up and broaden 
T overage at Saturn as it would at Jupiter while maintaining course 
a d Grand Tour mission on to Uranus and Neptune 
‘The flight to Uranus and Neptune, already twice canceled, was on 
jn. It required no extra money, at least not immediately. It was only 
üngency plan. A hope. A dream. 
$ Cum «YB launched first, on August 24, 1977. Voyager 1 lifted off 
on September 5, 1977, on a slightly more direct and hence faster route 
sothat it would reach Jupiter and Saturn ahead of its sister ship. But proj- 
ect managers still considered a successful Grand Tour a long shot. 
1 succeeded brilliantly at Jupiter. It documented in detail the 
turbulent flow of the Jovian atmosphere, especially near the Great Red 
,a centuries-old storm that is at least twice the size of Earth. Voyager 
{found that Jupiter has a faint dusty ring. 


Winds flow turbulently 
around the Great Red 
Spot on Jupiter, as 
seen by the Voyager 
spacecraft 

NASA/Jet Propulsion 
Laboratory 


100 


PLANETS BEYOND. 


Toward Uranus 


101 


Voyager 1 discovered 
that lo, Jupiter's inner- 
most large moon, has 
more active volcanoes 
than any other body in 
the solar system. A 
volcano on the horizon 
hurls ejecta more than 
a hundred miles above 
lo's surface. 

NASA/Jet Propulsion 
Laboratory 


Exploring Jupiter's moons, Voyager 1 discovered active volg 
Io, the surface of Europa covered by cracked ice, parallel 
grooves on Ganymede, and a surface on Callisto so heavily crai 
new impacts erase as many craters as are formed. 

A Grand Tour for Voyager 2 was still a possibility. 
Voyager 1 again performed splendidly at Saturn. It learned] 
fabled ring system was composed not of a few but of thousand 

Winds in Saturn's atmosphere reached speeds of 1,000 miles p 
(1,600 kilometers per hour). 


Voyager 1 discovered 
that Jupiter has a faint, 
dusty ring. The tiny 
particles showed up 
best as Voyager looked 
back through the ring 
toward the Sun to see 
sunlight scattered by 
the dust. 

NASA /Jet Propulsion 
Laboratory 


ES 


Jupiters Ganymede, 
the largest moon in the 
solar system, has a 
highly wrinkled surface 
that suggests extensive 
movement of crustal 
plates. 

NASA/Jet Propulsion 
Laboratory 


Jupiter's moon Europa 
has the smoothest sur- 
face of any body in the 
solar system. The 
cracks in its water ice 
crust do not jut upward 
to appreciable height. 
NASA /Jet Propulsion 
Laboratory 


This high-resolution 
mosaic of Callisto, 
Jupiter's outermost 
large moon, shows that 
it is saturated with 
craters. Except for im- 
pact cratering, little 
has happened to Cal- 
listo since it formed. 
NASA /Jet Propulsion 
Laboratory 
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The Voyagers found 
that Saturn's ring 
System was composed 
of thousands of rings. 
NASA /Jet Propulsion 
Laboratory 


The Voyagers revealed 
for the first time sur- 
face details on the 
moons of Saturn. This 
is Dione. 

NASA/Jet Propulsion 
Laboratory 


Computer-enhanced im- 
age of Saturn's atmo- 
sphere as seen by the 
Voyagers. The spots are 
smaller versions of 
Jupiters Great Red 
Spot. but on Saturn the 
Jet-stream winds flow 
three times as fast. 
MASA /Jet Propulsion 
Laboratory 
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Saturn's moons, Titan was known to have an atmosphere. 
rad found that this atmosphere was denser than Earth's and that 
E f eonatitdent was nitrogen. It revealed for the first time details 
B ons of Saturn, a wild variety of terrains with abundant 
hat, despite their modest size, these worlds had experienced 
ent olution long after formation. Voyager 1 discovered two new 
inten saturn and confirmed the theory that a narrow ring could be 
figs Fed by small shepherd moons. 
A Grand Tour for Voyager 2 now loomed large. 
B uns 25, 1981, Voyager 2 successfully cleared Saturn on course 


and Tour was on. i 
E. again threatened, this time by problems with the spacecraft. 


itp 
on the oth 
evidence t 


CHAPTER 8 


The Grand 
Tour of 


Voyager 2 


“The space program has done more to stimulate the 


growth of human knowledge than any oth: it 
growth or Ig y other aspect of life 


Ellis D. Miner, Assistant Project Scientist for Voyager 


Voyager 2 is legally deaf, chronically arthritic, and just a touch, 

A few months after Voyager 2 set out for Jupiter, one of it 
receivers, vital for the spacecraft to receive instructions from Ea 
outright and the backup receiver lost its tuning ability, 


Voyager spacecraft 
PASA Jet Propulsion 
Laboratory 
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As it flew by Saturn, the Voyager 2 scan platform, which turns the 
tameras and some of the other scientific instruments toward their targets, 
seized up. 

‘Throughout most of the mission outward, a small portion of the 
spacecraft's computer memory has been inoperable. 

Yet by the time it reached Uranus on January 24, 1986, after a flight 
of eight and a half years, Voyager 2 was a better spacecraft than when 
itleft home. The Jet Propulsion Laboratory scientific and engineering 
team had redesigned the spacecraft in flight. 


Seven and a half months after launch, en route to Jupiter, a power surge 
on Voyager 2 permanently destroyed the primary radio receiver and 
damaged the backup so badly that it could not tune to receive different 
frequencies from Earth. Before the failure the receiver had been able 


and Shunt Radiator 


Voyager spacecraft instruments and equipment 
NASA/Jet Propulsion Laboratory 


Almost 
Showstoppers 
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to scan across a 100,000-hertz range and lock onto the si dhad jammed as it pivoted rapidly to follow targets one and a 


ability was necessary to compensate for the varying wavelengt mounte s after its closest approach to Saturn on August 25, 1981. A 
bythe Doppler m as the spacccraf Eve emer from Earl = E x pictures and measurements scheduled to be made ye lost 
in, . Becai speed i ; int its i - 
iir S ra (np cid an gratia a ae EL the spacecraft could not point its instruments in the right direc. 


scan we prication gradually seeped back into the gears and the system 
ing it. The receiver's scan/lock-on feature was also necessary to be working again at slow and moderate speeds, but the mis- 


sate for variation in receiver temperature, which alters what wanted to take no chances. The Uranus encounter would be 
the radio can receive , ef that even one picture was too precious to be lost. So whenever 
After the power surge aboard Voyager 2, the tiny re P toc even moderately fast slews were required of the scan platform 
a thatthe rene could accept was. EDU hertz, "t track the targets, the entire spacecraft was rolled to (ew the ? d 
[925*0) was eenugh to zenet e spécecral dii. a BERE rectas or tbemsos Mirenda at 20 anesthe 
; gh the sp: - This prol s tricky. Voyager 2 wou y 0 
severe and scary. Without the ability to update the spa 's P edof a rifle bullet while the whole spacecraft rolled to pan its cameras 
tions, the mission was lost. The flight team solved the problem b accuracy of better than one-tenth of a degree 


adjusting the transmitted wavelengths to compensate for M tpeenkancement of Voyager to meet the challenge of Uranus and Nep- 


Effect and expected temperature so that Voyager 2 could r tue did not stop with an understanding of and a compensation for the 
messages within a single small bandwidth, the only frequency ‘ean-platform problem. In the weak sunlight at Uranus and with Voyager 
hear. The flight team would transmit to Voyager 2 only wher ing as fast as 56,000 miles per hour (25 kilometers per second), ad- 
was in normal cruising mode. After spacecraft maneuvers that ditional care had to be taken to make the craft as steady as possible dur- 


heat within the probe, the flight team would wait 48 hours ing picture taking. Even the starting and stopping of Voyager's tape 
ing messages to Voyager 2. corder was a problem. Every time the recorder turned on, the start- 
This radio reception problem meant that Voyager 2 would i up of the spinning reels created equal and opposite momentum in the 
Earth commands during the close phases of the Uranus and _gacecraf. The spin induced in Voyager was very tiny because of its much 
encounters. No matter. A message from Earth to Voyager at Ui greater mass, but the spin was nevertheless very real and could blur pic- 
a confirming message from Voyager to Earth required five uresand foul up other directional measurements. When the tape recorder 
hours—almost the entire length of the Voyager 2 close encount -sopped, the spacecraft picked up that momentum and began to spin slow- 
Uranus. The spacecraft would have to be very carefully prey Jyin the direction that the reels had been turning. For every action, there 
with instructions for the entire close-in data-gathering and pict ‘isan equal and opposite reaction. It was a textbook demonstration of 
sequence at Uranus and Neptune in order to enjoy a sui ‘Newton's third law of motion. It was also a troublesome obstacle to quality 
By the time some instructional error was revealed during the: pictures and other measurements expected from Voyager 2. The mission 
there would be no time to correct it. And there would be tam solved the problem by programming Voyager 2 to fire tiny bursts 
chance. ‘of gas from its thrusters to counteract the torque created by the starting 
And just in case this final frequency fails, the flight team al and stopping of the onboard tape recorder. 
Voyager 2 loaded with the latest instructions to carry out Voyager 2 also ran afoul of a computer memory problem when a com- 
flyby without further update from Earth. Í pter chip failed in one of the two scientific computers. The damage was 
The technical challenge of getting good information from itteparable and cost that computer 3 percent of its memory capacity. For 
intimidating. Uranus lies at twice the distance of Saturn, so this problem, there was no "fix" except to moderate demands on the 
one-fourth as much sunlight at Uranus to provide illu computer. 


tures. Thus long exposures are necessary. But long exposures of Thus, on its way to Uranus, Voyager 2 developed three potentially 
objects lead to smeared images unless the camera is moved tot “showstopping technical problems—with radio reception, with its scan 
target. platform, and with its computer memory. From Earth, millions of miles 


Unfortunately, the scan platform on which Voyager 2's came fy these problems had been detected, diagnosed, and worked around 
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Enhancements 


so that Voyager 2 lost very little of the capabilities built into; 
not have to forgo any of the experiments planned for it to g 

But the ground team went much further than restoring thesp 
to its initial proficiency. They actually made it better. 


As Voyager 2 sped farther from Earth, its radio signal bex 
At Jupiter, the signal was weak but adequate. At Saturn, 
as far away, the signal was four times weaker. At Uranus, 
the distance of Saturn, the signal upon which all the data wor 
ceived on Earth was four times weaker than from Saturn an 
times weaker than from Jupiter. The result was that in or 
a jumbled message, Voyager 2 could not pack its data so ti 
transmission, just as a speaker talks more slowly to make cef 
understood. 

Especially critical were the images to be transmitted, wi 
vast amounts of transmission time. All Voyager pictures are 
white, but taking multiple pictures through different filter 
tists back on Earth to combine filtered pictures to make 
Even so, transmitting black-and-white pictures requires eno 
tities of bits. Each Voyager image is a television picture form 
array of 800 pixels (picture elements, dots) across and 800 pixel 
total of 640,000 pixels. And the darkness or lightness of each 
pixels is described by 8 binary bits to provide a gray scale of 
Thus each picture to be transmitted required 640,000 x 8 
bits of information—over 5 million bits. 

At Jupiter, Voyager's X-band transmitter could start and 
casting a picture to Earth within 48 seconds. At Saturn, wher 
forced Voyager 2 to use a lower data transmission rate, the fin 
the start and finish of a single picture broadcast was about 
half minutes. At Uranus, the transmission time for a single in 
rise to ten minutes—unacceptably long. When Voyager roller 
cameras could track a target, its antenna would be turned 
Earth and its tape recorder would store the images until 
transmitted. With transmission times so long, there was d 
recorder would be quickly overwhelmed and precious pi 
data would be lost. 
The computer scientists at the Jet Propulsion Laboratory ca 
a solution—a computer innovation called data compression. 
describing the exact shade of gray of each pixel in an image, 
first pixel in each line would be precisely described. Each. 
lowedin that row would then be described only in terms of. 
lighter or darker it was than the one preceding it. This data 
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ied risks. An error (due to electronic noise) at the beginning of 
once create errors in all the other pixels in that row. And an er- 
jixel in the row would make the values of all following pixels 
Er vong. The image asa whole, however, cught to reveal such 
i ist. 
eo Fame risk. Data compression would have to be performed 
I nters aboard Voyager 2, and the computer program to com- 
Eus was so extensive that it would require one of Voyager's 
em computers to be completely dedicated to this function alone. 
it was worth the risk. The data-compression system reduced the 
E. of bits required to send an image by 60 percent. Instead of 12 
‘nutes to broadcast one picture from Uranus, it would now take only 5. 
But data compression was not the only improvement to Voyager 2 made 
route to Uranus. Voyager engineers also worked out a new system 
or bursts on the thrusters to stabilize the craft, making it smoother 
iniismaneuvers. Voyager 2 became able to take steadier pictures while 
becoming more conservative of fuel — f 
Soas Voyager 2 got older, it actually did get better, thanks to the in- 
gemity of a lot of scientists and engineers on Earth. 


a 
in: 


Andfacilities on Earth improved as well. They had to if they were going 
johear the puny radio signal of Voyager all the way from Uranus. "Clear- 
‘channel’ radio stations in the United States broadcast on 50,000 watts 
ofpewer. Voyager 2 transmits its data to Earth on 22 watts. But that signal 

out during its journey from Uranus so that by the time it has 
traveled 1.75 billion miles (2.8 million kilometers), a210-foot (64-meter) 
dish receiver on Earth captures only one-billionth of one-millionth of 
a watt. 

To receive Voyager 2's information from Jupiter and Saturn and to 
transmit instructions to the spacecraft, NASA had used its Deep Space 
Network—three tracking stations scattered a third of the way around the 
world from one another. One is at Goldstone, California, 100 miles (160 
kilometers) northeast of Los Angeles. The second is near Madrid, Spain. 
The third is near Canberra, Australia. Each Deep Space Network site 
Was equipped with a steerable parabolic dish antenna 210 feet (64 meters) 
in diameter. 

For the Uranus encounter those dishes weren't enough. NASA 
augmented their receiving capability by linking the giant dishes to smaller 
Il24oot [34-meter) dishes at each station. It worked like an old-fashioned 
"ar horn for a partially deaf person: the more receiving area, the more 
signal captured. At Madrid, a single 112-foot antenna was arrayed with 
4 210-foot dish, boosting reception by about 28 percent. 


Bigger Ears 


NASA's large Deep 
Space Network radio 
receiving dish at 
Goldstone, California 
NASA /Jet Propulsion 
Laboratory 
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nui 


Bull's-eye 


The timing of the encounter placed the greatest burden on 
and Goldstone sites. There, two 112-foot antennae were array 
the 210-foot dish, and receptivity was increased by about 56 
At Canberra, the receiving site for Voyager's data from Ura 
encounter, a further enhancement was made. The Australian 
linked its 210-foot (64-mcter) Parkes radio telescope with th 
array of NASA's Deep Space Network at Canberra to form. 
antenna with the reception power of a 400-foot (100-meter) 


Tn addition to the chronic ailments of its remaining radio re 
scan platform, and its computer memory, and in addition to th 
distance that affected the strength of the radio signal from Vo 
the time for instructions to reach the spacecraft, Voyager 2 fa 
challenge at Uranus because of the planet's orientation. 

The two Voyager probes had previously encountered Jupiter an 
planets that, like Earth, travel around the Sun with their rota 
nearly perpendicular to their orbital planes. Because they t 
the Sun "standing up," their equators lie nearly in their o 
All the rings and a great majority of the moons in the solar s 
around their planets’ equators. So the rings and most of th 
Jupiter and Saturn lie nearly in the plane of revolution for | 
which is extremely close to the orbital plane of the Earth and 
tially the plane formed by flight of Voyager 2. Thus as 
approached Jupiter and Saturn, it was a little like approad 
a flat map. Voyager first found itself in the suburbs, able to: 
shot of one moon and then prepare for the next. In 
spacecraft passed one moon after another, then closest to the pla 
then outward past additional moons one at a time. ‘The Jupiter 
close encounters were each spread out over several days. 

Uranus was not so accommodating. Voyager 2's closest 
Uranus, its rings, and all of its moons were crammed into 
Jess than six hours. 

The rings and moons of Uranus revolve almost precisely | 
equator, just as most of the moons and all of the rings of the oth 
do. The problem is that Uranus lies on its side as it revolves: 
Sun. So the orbits of its moons and rings are tilted, like the pl 
perpendicularly to the orbital plane of Uranus. Even so, if 
of Uranus had been more or less edge on to Voyager as it 4 
(which is approximately the case for about half of the 84-ye: 
Uranus), Voyager could have passed across that orbital pl 
moons could have been studied sequentially on approach a fasicky 

But the planetary alignment that allowed Voyager 2 to boun 


Jupiter to Saturn to Uranus to Neptune just happened to catch Uranus 
"wilbits south pole pointed toward the Sun, the Earth, and the approaching 
robot ambassador from Earth. Voyager 2 saw Uranus, its rings, and its 
‘moons laid out before it like a target with a bull's-eye and concentric 
‘ings. The spacecraft plunged perpendicularly through the Uranian 
‘system like a dart thrown at a paper target. The time when Voyager 2 
wasclosest to Uranus was also very nearly the time when Voyager 2 had 
its closest view of each moon. The picture taking and scientific 
measurements that could be spread over several days at Jupiter and Saturn 
Were compressed into a little over five hours at Uranus. While each image 
‘Was made, another important target was near its best viewing. 


Ithad taken four and a half years for Voyager 2 to fly from Saturn to 
tenus. Working against formidable obstacles of distance, darkness, and 

orientation at Uranus; working against a crippled radio receiver, 
scan platform, and a degraded computer onboard the spacecraft, 


Voyager 2's flight past 
Uranus. Voyager 2 
passed nearly perpen- 
dicularly through the 
Uranian system 
because Uranus lies on 
its side as it orbits the 
Sun and its moons or- 
bit above its equator. At 
the time of Voyager 2's 
arrival, Uranus had its 
south pole pointed 
toward the spacecraft 
and the Sun and thus 
presented a bull's-cye 
target to its visitor. 
Because of this 
geometry, Voyager 2's 
closest approaches to 
Uranus, its rings, and 
each of its moons (its 
opportunities for best 
pictures and measure- 
ments) were squeezed 
into a period of less 
than six hours. 


Solo 
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tunity since the dawn of the space age to examine in de 
of Uranus. 

At Jupiter and Saturn, Voyager 2 had been the backup c1 
up on Voyager I's discoveries and duplicating measuremes 
ferent angle. Now, at Uranus, Voyager 2 was the only spa 


ment, Voyager 2 was expanding the absolute frontier 
journeys. 
above the cloud tops of Uranus. Uranus was 1.75 billion 


kilometers] from Earth, and the data radioed from Voyager! 


Astronomy had come a long way in the 205 years since 
caught sight of a tiny disk in his homemade telescope. 


scientists meticulously planned every aspect of the Uranus 
so that Voyager 2 could take full advantage of the first prac 


ing where no spacecraft had ever gone before. With each 


three-quarters hours to reach home traveling at the speed 


iumph 


of 
d 


On January 24, 1986, eight and a half years outbound l J Ya I l u S 
NASA's Voyager 2 spacecraft passed 50,700 miles (81,600. e 


do we learn about the Earth by studying the 
ts? Humility!” 
scientist Andrew P. Ingersoll 


blue-green planet that Voyager 2 approached in January 1986 had 
s, but not in brilliant earth-tone colors like those of Jupiter. It had 
but not in bright, broad belts made of thousands of ringlets like 
ose of Saturn. It had moons, but none as large as Jupiter's Big Four 
‘Saturn's Titan. Uranus was more subtle, yet every bit as puzzling. Its 

sphere seemed bland, its rings were narrow and dark, its largest 
moons were quite modest in size. It would take a connoisseur to ap- 
ite this planet—and a great many imaginative and clear-thinking 

to understand it. 


atmospheres of Jupiter, Saturn, Uranus, and Neptune are basically 
- It is their temperatures that make them look so very different. 
atmospheres are composed overwhelmingly of hydrogen and 
with only traces of other chemicals. All have clouds made of 
of those trace elements. All have an obscuring haze layer formed 
n breaks up methane molecules (CH.], allowing the carbon to 
ombine into more complicated and less transparent hydrogen-carbon 
ounds, such as acetylene (C,H,) and ethane (C,H). 
h of these gas giant planets has a well-mixed atmosphere rich in 
als. On Earth, most of those chemicals are dissolved in the oceans 


CHAPTER 9 


Atmospherics 


us 
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or have been compounded to form rocks and hence have bee, 
from the air. But on Jupiter, Saturn, Uranus, and Neptune, a 
chemicals are gases in the atmosphere and will condense to fo 
if the temperature is right. On Earth, only water condenses 


to form ice clouds of water (white); ammonia (white); and c 
of ammonia (white), phosphorus (reddish brown], sulfur (red, 


(usually reddish). At Jupiter, heat from the Sun and from d 
the planet creates updrafts in the atmosphere. These rising 
cool, and then sink back to lower, warmer levels, As each 
mosphere reaches its special temperature of condensation, it 
of the air to form clouds of ice particles—different colors fo 
chemicals. 

Each of the gas giant planets produces clouds according to 


a planet is, the less vertical atmospheric motion it has and the fe 
patterns and features. 
But another factor is at work on the gas giants that dete 


all four gas giants at a level where the atmospheric pressureis 
hundredth to one-tenth the pressure at sea level on Earth. Inti 
parative warmth on Jupiter, the clouds billow up above the sn 

a planet that looks like an abstract painting in riotous colors. 
there are still patterns, storms, and eddies to be seen but less di 


Using false color, 
clouds were detected in 
the Uranian atmo- 
sphere; one is visible 
here near the one 
o'clock position close to 
the planet's edge (near 
Uranus’ equator). The 
small doughnut-shaped 
features are not real; 
they were caused by 
dust in Voyager 2's 
camera. 

NASA /Jet Propulsion 
Laboratory 


white clouds. On Jupiter, temperatures at various levels are cold, 


yellow, blue, and black), and various more complex organic cog 


it receives from the Sun and its own internal sources of heat. Th 


Triumph at Uranus us 


colorfully. Saturn's lower temperature creates less cloud acti- 

and less P p of it is buried out of sight beneath the smog 
vity oP e decades that preceded the visit of Voyager 2 to Uranus, several 
“paced astronomers had claimed to see clouds in its atmosphere, 
their contemporaries had been unable to confirm these findings 
r 2 did indeed find clouds drifting in the Uranian atmosphere, 
{these clouds were visible only through special filters and with con- 
‘enhanced by computers. They are invisible at ordinary optical 
lengths because, with so little solar or internal heat at Uranus, the 
Mpuds lie deep in the atmosphere below the thin high haze of hydro- 
Con smog that veils the planet. Below the haze is a cloud deck two 
fothree miles thick of tiny methane ice crystals floating in the planet's 

predominantly hydrogen atmosphere. 


ies on its side as it revolves around the Sun. How would this — 7 — 
E ons affect the weather Voyager 2 would find on the planet? Ane Weather on 
The tilt of Uranus means that during the course of a year on the Uranus 
planet-equal to 84 Earth years—the Sun stands directly or almost directly 
bove every point on Uranus.? Thus, for several years out of each 
84year orbital cycle, the north and south poles on Uranus are treated 
to sunlight beaming down from near the top of the sky—a circumstance 
unique to Uranus and Pluto among planets in the solar system. 
‘The orbit of Uranus causes the position of the Sun to appear to slowly 
swing from pole to pole during the course of a Uranian year. As the Sun 


Uranus during 
Voyager 2 flyby 
(1986) 


s 
i 


: EHE 


Earth 


z 


~The seasons of Uranus. Uranus lies on its side as it orbits the Sun. This 


| axial tilt means that the Sun can stand almost directly above the 
Planet's north and south poles. For 42 years, the south pole receives 
Continuous sunlight. Then. for the next 42 years at the south pole. the 
Sun is never visible. 
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is hovering nearly over each pole, the seasonal cycle of 
north/south apparent motion in the sky is in the process of. 

ping, and reversing itself. At midcycle, when the Sun is over 
the seasons are changing fastest. Therefore, the polar region 
actually receive slightly more solar warmth than the equator, 
because the Sun provides precious little heat at Uranus, bu 
expected that the sunlit pole would be a few degrces 


equator. that wasn't all that was strange. The magnetic axis of the Earth 

It wasn't. Voyager 2 found that the temperatures around ti Pe very nearly through the exact center of our planet. (It misses by 
poles and equator, day and night, were within 3° Fahrenhei Ge 3 miles [500 kilometers]). So itis at Jupiter and Saturn as well. 
identical—about 366° below zero Fahrenheit (-221*C; 52*K). E. Uranus. There the magnetic axis lies 4,800 miles (7,700 
is so weak that what little heat is received is quickly spread re b. ers) off center, passing through Uranus about one-third of the 
ly around the planet by its winds. Een the planet's center and its surface.* 

But how would winds if any, flow on a planet where the (Geophysicists interpret these oddities to mean that the magnetic field 
the south pole is currently receiving the most direct sunlight Uranus is generated not at or close to the planet's center but outside 
the Sun's radiation falls most vertically and hence most of the core’ The Earth's magnetic field is thought to come from molten 
the equator, where it heats the surface air and causes it to; E and nickel. The magnetic field of Uranus is thought to come from 
air farther from the equator flows in to form the principal jtsmantle where water and ammonia may be under sufficient pressure 
tion. The west-to-east rotation of the Earth then causes those; 1o make them good electrical conductors. 
to curve so that the prevailing winds blow west to east. At first scientists thought that the 60-degree tilt of the magnetic field 

But with maximum heating on Uranus at the south pole, y might be just an accident in time. Had Voyager 2 reached Uranus in the 
prevailing winds on that planet be north to south? No, Voya ‘midst of a magnetic field reversal in which the poles switch magnetic po- 
the winds blow east to west because of the rapid cast-to larity, something that happens on Earth about every half-million years” 
of Uranus. Voyager 2 used the planet's magnetic field to determine the length of 

Meterologists were startled. The angle of sunlight is less imy aday on Uranus. As the magnetic field swept over the spacecraft, in- 
planetary rotation in generating the motion of weather syst creasing in intensity whenever a magnetic pole rotated by Voyager, scien- 
Stream winds in the upper atmosphere of Uranus flow at 2 {ists could observe that the magnetic field of Uranus spins around once 
hour (300 kilometers per hour), about twice the speed of every 17.24 hours. For practical purposes, this cycle is the rotation period 
ofthe planet. Uranus has no solid surface and hence no landmarks that 
repeatedly rotate by to reveal the length of a day. 

Spectroscopic measurements of the spin of Uranus from Earth could 
only approximate the rotational period. To calculate the rotation of Ura- 
‘nus based on cloud motions in the atmosphere was problematical because, 
ason Farth, wind speed varies with location and time. At present, the 
fastest winds on Uranusare near the south pole, where the solar heating 
of the atmosphere is most intense. A year before Voyager 2's encounter, 
therotational period of Uranus was variously listed between 10 and 24 
‘hours, with newer estimates suggesting 15 to 17 hours. With its measure- 
meat of 17.24 hours, Voyager 2 refined that figure considerably. 

Uranus and Neptune rotate faster than Earth and the other rocky 
midget planets but not as rapidly as the larger giants, Jupiter and Saturn. 


ic field of Uranus was greater than the Earth's. It was also ab- 

ited. The magnetic poles of Earth correspond roughly with the 

lf rotation. They are offset from one another by only about 11.7 

poles The same is true for Jupiter and Saturn. But not for Uranus. 

“gnetic axis of Uranus is tipped 60 degrees to the poles of rota- 

The MA ig that the north and south magnetic poles lie closer to the 
E than to the geographic poles. 


Perhaps the greatest surprise afforded by the planet itself was 
field. A magnetic field was expected because Uranusis very m 
times more massive than Earth. The mass of Uranus is great: 
its gravity can create a hot interior. This heat makes atoms 
trons so that they are electrically charged. The rotation of the; 
spins this electrically charged fluid interior to generate a m 
around the planet: The magnetic field changes the courses 
charged particles from the Sun and ionized particles in 
atmosphere. 

But from Earth it had not been possible to detect an 
Uranus. Voyager 2 did the honors—and raised some 
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The spacecraft found all sorts of atmospheric glows at Ura ements by Voyager 2 greatly clarified our perspective on the struc- 

expected based on what the Voyagers had detected at Jupiter an pf Uranus. The planet is about 85 percent hydrogen and 12 percent 
Uranus had an aurora, similar to the northern and southe; E jum by mass-— close to the same proportions as the Sun, Jupiter, and 

Earth. Subatomic particles from the Sun were diverted by then | The bodies of the solar system are truly a family, spawned from 

field of Uranus toward the planet's magnetic poles, where they same cloud of gas and dust and differing from one another because 

into the atmosphere, causing hydrogen molecules, the prin heir distances from the Sun. 

stituent, to glow. cm. dominates the atmosphere of Uranus, but the visible "sur- 
Uranus also exhibited air glow on its daytime face, as ult face! of the planet is a haze layer of acetylene (C,H;) and ethane (CH) 

from the Sun caused some atmospheric atoms and mole formed by sunlight striking methane in the Uranian atmosphere. It is 

very faintly. thesmall amount of methane (2 percent to 3 percent) mixed in with the 
But most interesting was a previously unrecognized atmo: gen, helium, and other elements and compounds that gives Uranus 

sion initially given the name electroglow and now renamed, | its blue-green color by absorbing and not reflecting the red portion of 

emphasize that it happens only when the atmosphere is d 

to sunlight. Dayglow had been detected by the Voyagers at 

Saturn but initially misidentified as aurora. Voyager 2 r 

mistakably at Uranus? The exact cause of dayglow is still b 

ed, but the fluorescence seen comes from hydrogen atoms in; 

upper atmosphere only on the sunward side of the pl 

ultraviolet light released by dayglow from the sunlit atm 

corresponds to a few trillion watts of power. One trillion wattsi 

to power 20 million homes at peak demand—all the homes int 

York and Los Angeles metropolitan areas. p 


Uranus was expected to be slightly warmer than heating by 
Sun would allow. Jupiter and Saturn are radiating into space; 
as much energy as they receive from the Sun.? They emit Molecular tiquid 
not as visible light but in the form of heat and radio waves. 
of Jupiter, the source of this radiation is energy released by the 
ing decay of radioactive elements within the planet and f pe genie. 
as gravity continues to compress its interior. In the case 
internal heat is mostly caused by radioactive decay and gra 
pression, but about a third of Saturn's excess radiation come 
separating mix of hydrogen and helium within the planet. 
helium is falling toward the planet's core, creating heat 
it rubs against the hydrogen fluid.” 

Although it is not the size of Jupiter and Saturn, Uranusis 
so gravitational and radioactive heating could be anti 
2 did indeed find Uranus slightly warmer than sunlight alone 


vide, but not much. Uranus emits only about 15 percent 
than it receives from the Sun, energy radiated in the infra 


\ 
wavelengths, atmosphere Liquid ocean 


Rock core 


Gaseous 


The Structure _ 
of Uranus 


The internal structure 
of Uranus compared to 
that of Earth and 
Jupiter. Voyager 2 in- 
dicated that a two-layer 
model for the interior 
of Uranus is correct 
rather than the earlier 
three-layer model. (The 
internal structure of 
each planet is drawn to 
scale, but not its size 
compared to the others. 
Uranus is about 4 times 
the diameter of Earth; 
Jupiter is more than 
11) 
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the sunlight it receives. The upper atmosphere of Uranus, 


a e arrival of Voyager 2, Uranus was known to harbor five moons. 
feebly by sunlight and the weak internal heat of the planet, isę 


ee telescopes had not been able to resolve the moons’ disks, 
cold—about 350° below zero Fahrenheit (-212° Celsius). But T diameters could only be approximated. They were substantial 
Before Voyager 2's visit to Uranus, the interior of the planet E. far smaller than the four largest satellites of Jupiter, which 
to be at least basically similar to the interiors of Jupiter a E - just slightly smaller than our Moon to just slightly larger than 
hot, rocky core about the size of Earth surrounded by a deng et Mercury. None was the size of Titan, the largest moon of Saturn, 
hydrogen under so much pressure that it behaved like a n M Titon, the largest moon of Neptune. 
of this dense fluid, where the pressure was less, lay the E 2 provided the first pictures ever made that showed features 
mosphere, mostly hydrogen and helium, these five previously recognized but little-known moons of Uranus. 
Initial analysis of Voyager 2 data suggested that this three Jaye bg raft also discovered ten new satellites of Uranus and two more 
ture applied to Uranus as well, except that the behavior of th rings to add to the nine already known 
surrounding the core was dominated by liquid water mixed i Uranus is about a thousand times more massive than all its satellites 
hydrogen and under so much pressure that it was ionized. ] ‘and its ring system put together—very roughly the same ratio as its fellow 
its electrical charge, this water became a good conductor of ‘psgantplanets. But of the four giant planets in our solar system, Uranus 
‘s the only one without a giant moon. Even the Moon of Barth, which 
the scientists, Uranus generated its magnetic field. 182160 miles (3476 kilometers] in diameter and ranks sixth in size among 
But late in 1987 that conclusion was dramatically ; satellites, is more than twice the diameter of the largest Ura- 
The problem is that for a planet that rotates as rapidly as itdo ‘nian moon. If our Moon were hollow, it would be possible to fit into it 
has relatively little bulge at its equator. Given its speed of all 15 known moons and all the particles in the 11 known rings of Uranus 
Uranus had a light atmosphere overlying a dense liquid and still have with room left over. 
should bulge more as it turns. But it doesn't. Therefore, said ~ Small they were—but not without many surprises. 
conclusion, Uranus probably does not have a light atmos; The two biggest moons are the two outermost: Oberon and Titania. 
of a liquid mantle. Instead the gases of the atmospher “Almost the same in size, they are otherwise very different. Next, mov- 
helium, water, ammonia, and methane—are all mixed “ing inward, are Umbriel and Ariel, almost identical in size and about 
superdense atmosphere—a gas, not a liquid—that extends fro three-quarters the diameter of Oberon and Titania. But again, size is about 
the rocky core all the way to the visible surface of Uranus, wi allthey have in common. The innermost of the major moons is Miranda, 
and temperature allow different molecules to condense as “smallest of the five—and the weirdest. 
Neptune is similar in size and mass, its interior structure is & The first of the Uranian moons to be discovered had been Oberon and 
be the same. “Titania, found on January 11, 1787, by William Herschel, about six years 
"after he had discovered Uranus. This time he was using his 18.8-inch 
-[D0-oot focal-length) reflector. Umbriel and Ariel were discovered in 1851 
by William Lassell, an English amateur astronomer in the tradition of 
‘Herschel. 


Ina solar system where all the planets out to Uranus stand 


on their polar axes as they revolve around the Sun, why ‘The names for the moons of Uranus were provided about 1852 by John 
lie on its side? Voyager 2 found no evidence to resolve th Herschel, William's son, who borrowed them from English literature 

The still-prevailing view is that Uranus and all the planets “rather than Greek and Roman mythology. A German astronomer pro- 
from a vast cloud of gas and dust by accretion: They were h ‘ested this violation of tradition. The names Oberon and Titania were 
absorbed, many cometlike planetesimals of differing sizes. laken from Shakespeare's A Midsummer Night's Dream. Umbriel and 
near the poles, tending to tilt the planets. In some planets Ariel were given names snipped from Alexander Pope's The Rape of the 
nearly balanced out, leaving the planets upright as they Lock"? For Miranda, not discovered until 1948 by Gerard P. Kuiper, the 
were left with moderate tilts. The succession of collisions source of the name was once again Shakespeare, this time The Tempest. 
and Pluto spinning on their sides. Like most satellites elsewhere in the solar system, the moons of Uranus 
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Uranus, its rings and 
moons 


Area of rings (~ 
and new moons | 
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Umbrie 
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ected to have nearly circular orbits, to revolve around their 

fe equator, and to rotate on their axes in the same amount of time 

planet cvolved so that they always kept the same face toward Uranus 

E" ; Moon always keeps the same face toward Earth). Despite the tilt 

Eos and its retrograde rotation, all 15 of its moons comply with 
these conventions." 

"le moons of Uranus were also supposed to be dull. After all, they 

small and cold—a good formula for dead worlds. Here were no 
Mes like Saturn's Titan, so large that its gravity could retain an atmo- 
Bere. No moons like Jupiter's Io, which was still being pulled periodi. 
Ziy like a piece of taffy between Jupiter and the moons Europa and 
Ganymede so that Io's insides are molten and it belches lava to the sur- 
face and into space with a frequency and ferocity unmatched by any 
aller body in the solar system. 

Based on all the bodies circling the Sun and especially the other satellites 
in the solar system, the moons of Uranus were expected to be simple 
Jitle worlds of rock and ice that had formed along with or soon after 
Uranus, in time to be pounded by icy and rocky debris left over from 
{he eccretion of the planets and the moons. This bombardment should 
havesaturated their surfaces with large and small craters—craters overlap- 
pingcraters. For moons as small as those of Uranus, it was expected that 
little had happened since their formation except the impact of an occa- 
sional comet onto a surface covered with craters of all sizes, 

Larger moons in the solar system were expected to evolve further 
because of the quantity of radioactive elements they contained. The 
radioactive decay would have released enormous heat inside the body. 
As the size of a sphere increases, the surface area and the volume also 
increase, but the surface area—which sheds heat—increases only by the 
Square of the radius, whereas the volume—which determines how much 
radioactive material there is—increases by the cube of the radius. Thus, 
iftwo objects are formed from the same material, the larger one should 
have a higher internal temperature because it cannot shed its heat as 
Well The result is that a planet or large moon might be expected to have 
Melted soon after it formed, with its heavier components sinking toward 
the core and its lighter materials rising toward the surface. This process 
is called differentiation. External signs of differentiation can often be 
found in volcanic activity, which has covered part of the surface of the 
‘object with relatively smooth material that is obviously younger because 
ithas flooded and erased many of the craters. Differentiation, however, 
should not have occurred in smaller bodies because the internal heat 
Would not have been great enough. 

Radioactive heating steadily subsides over millions of years as the 
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radioactive elements inside a body decay into nonradioactive on 
a moon is of extraordinary size so that its gravity can hold an atm 
to cause erosion or unless the moon is positioned so that it exp 


comet impacts and from high-speed particles and ultravi 

from the Sun. Impacts create new craters and bury old ones, 
wind and radiation create chemical changes in some surfac 

and generally tend to darken their color. 


cratered heaps that had "died" as soon as they had formed 
a pocked faceful of scars to show for their passive existe 
But the moons of Uranus forgot to read that script and act 


Oberon, the outermost moon, came close to fitting e 
as anticipated, were craters of all sizes, some over 60 miles | 
meters) in diameter, in suitable proportions to indicate that O 
withstood the initial cratering by large and small objects 
system formed about 4.6 billion years ago and had endured th 
cratering by smaller objects as the moons completed their 
around the planet. 

At the horizon on Oberon was a mountain, probably the cent 
of an impact crater perhaps 200 miles (300 kilometers) a 


Oberon, the outermost 
moon of Uranus, seen 
in high resolution by 
Voyager 2. 

NASA /Jet Propulsion 
Laboratory 
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Jtitude of at least 12 miles (20 kilometers]—a monstrous protru- 
[pan f ze than twice the height of Mount Everest on a world one-eighth 
ES diameter. The fact that large craters were still visible every- 
d (c on the surface indicated that nothing very much had happened 
she eron for the past 4 billion years 
gj Oberon bore a warning that Uranian moons would not conform 
papectations. On the floors ofa few craters was smooth dark material 
eating that something had welled up from the interior, seeped onto 
E and solidified. Such a comparatively small moon should not 
fave experienced an interior melt 


Ostensibly, Titania was the twin of Oberon, almost identical in size, den- 
fy, color, and reflectivity. Titania was a little closer to Uranus and a 
ny bit bigger—1,000 miles (1,610 kilometers) in diameter to Oberon's 
960 miles (1,550 kilometers). Neither was half the size of the Earth's Moon. 
gutemida welter of small craters on Titania were only two or three traces 
oflarge craters from the early days of the solar system. And yet Titania 
musthave suffered at least as many large impacts as Oberon. Something 
‘had erased those large craters from the face of Titania. How had it hap- 
pened to Titania but not Oberon? 

Ard that was just the beginning of the contrast. The terrain of Titania 
was crisscrossed by giant cracks, some 1,000 miles (1,600 kilometers) 


Titania, the largest 
moon of Uranus, seen 
in high resolution by 
Voyager 2. The giant 
cracks, as much as 3 
miles deep and 1,000 
miles long, expose 
light-colored material. 
NASA /Jet Propulsion 
Laboratory 
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long, 30 miles (50 kilometers} across, and as much as 3 miles of the Uranian satellites. Even tidal strain together with 
deep. (For comparison, the Grand Canyon on Earth is on jioactive decay cannot account for that much of a temperature dif- 
These cracks exposed lighter-colored materal. mdi jn such small bodies that rapidly lose so much heat to ogni But 

From the way features overlaid features, geologists could pi itwas not standard water ice that melted. Perhaps it was methane 
the evolution of Titania. Debris left over as the planets and m te—water ice with occasional molecules of methane trapped in 
pummeled Oberon and Titania, but Titania was a bleeder. be ice crystal lattice. Such a. compound melts at a significantly lower 
forth, flooding Sonne ee he abes serene m. a e de ture, as do uus compounds such as carbon monoxide 
sagged. The heat that caused this partial melting subsided ammonia hydrate. 
froze from the outside in. In great abundance among the ch gatito and 
rose toward the surface was water. Water is a most pec 
As it freezes, it expands rather than contracts. The fi 
panded and stretched the crust until it ruptured in a net 
forming steep scarps and deep grabens. Throughout this p. 
fracturing, additional fluids probably poured forth, cove 
rain and then freezing smooth and hard. But what was the soi 
heat that caused the interior of Titania and perhaps, at lez 
degree, Oberon to melt? 

Voyager 2 provided clues by revealing the densities of the: 
tures from the space probe, taken at known distances, allowed 
sions of the major moons to be refined to greater acci 


is rather evenly cratered, without much variety to its terrain. 
E es Perel vast systems of cracks and ice floes—a world 
tensive tectonic activity in its early years. One might have expected 
m still closer to Uranus, to continue this progression of increas- 
eological activity. But the characters of Shakespeare and Pope are 
Es and their satelite namesakes are no different. They defy order- 
tions. 
tof showing global geologic activity, Umbriel turned out to be 
almost totally bland. Itis the darkest of the major moons, with little varia- 
tionin its color. It displays no craters with bright rays like those on Oberon 


Voyager 2 by its radio transmissions also allowed celestial and Titania, presumably formed by the relatively recent impact of comets 
to measure how much the spacecraft had been deflected by. that melted subsurface water ice and splashed the momentarily liquid 
of Oberon and Titania, so that the masses of these two larges water across the surface. There still is no generally favored explanation 
could be calculated. forwhy Unibriel is so uniformly dark and has so little evidence of tec- 
tonic activity while the moons on either side of it exhibit great geologic 


diversity. 


With a knowledge of the mass and volume, scientists 
the satellites densities—between 1.4 and 1.7 times as great as we 
densities are far below those of rocky worlds such as the 
But they are higher than those of the comparably sized 
Saturn, so Oberon and Titania must have proportionally 
them. They are perhaps about half rock and half ice. Althoi 
and hence the densities of the other Uranian moons co 
measured so accurately, it is likely that they have much th 
position. The greater the abundance of rock, the more 
elements would have been incorporated into each moon 
and thus the greater the likelihood that these moons experie1 
tial internal heating due to radioactivity. 

The present surface temperatures of the satellites of Uranus: 
mately —315°F (80°K). The satellites of Uranus are actually 
the cloud tops of their planet because they have darker surfac 
absorb more energy from the Sun. To raise water to its mel 
would require a vast amount of energy. Under ordinary c 
Earth, water melts at 32°F (0°C; 273°K)—almost 350° 


Umbriel, darkest of the 
Uranian moons, shows 
craters but little 
geologic activity— 
except for two bright 
features near the top of 
this high-resolution 
Voyager 2 image. Light- 
colored material is vis- 
ible at the bottom of a 
crater 50 miles in 
diameter and on the 
slope of the central 
peak in a nearby crater. 
NASA/Jet Propulsion 
Laboratory 
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Ariel 


"Yet Umbriel is not completely without contrast. There a 
features visible. One is on the slope of the central peak of ag 
other is a ring 50 miles (80 kilometers) in diameter that c 
of a different crater. From a distance this circular bright spot, 
briel the face of an organ grinder's monkey with its little he 
This brighter material must have come from below the sur 

Since little has disturbed the primordial craters of Umbrie 
the dark surface is original as well. With a diameter of on 
(1,190 kilometers), Umbriel is smaller than Oberon and Ariel has fault valleys up 
therefore should not have experienced internal melting a j to 20 miles deep that 
tion except under very unusual circumstances. Perhaps, tl ‘ , extend most of the way 
face we see is the original crust: very dark carbon-rich rock) around;tbe Moon 85, 
evenly with lighter-colored ice. reveled y PaA 

- i : ASA /Jet Propulsion 

Alternatively, it may be that the deep gray surface of Us £ Laboratory 
a fairly recent coating from an unknown source that bla 
and Umbriel only. Titania and Ariel, the moons on either sid 
have no such dark cover. 

Whether the darkness of Umbriel's surface is primord 
cent, the bright ring on the crater floor may be evidence 
recent large impact could temporarily melt enough subs 
a significant outpouring of lighter-colored materials to the 


warmer than the surface of Ariel. This viscous material probably flowed 
fea glacier too. In places, it rode up over a crater wall and stopped, 
doming steep scarps more than half a mile high. 

Ason Titania, but toa much greater extent, upwelling water (probably 
jnclathrate form) froze and expanded, shattering the crust into systems 
ofspectacular deep, narrow valleys. The landscape of Ariel has the look 
‘of devastation. 

Where did the heat for this volcanism come from? No onc knows for 
certain. Some of the heat came from the decay of radioactive elements; 
perhaps part from the gravitational compression of the moon asit formed: 
maybe some from the impact of debris upon its surface; and some, 
perhaps most, from tidal strain exerted by its neighboring moon Um- 
briel if the two were temporarily locked in resonant orbits in the past. 

Whatever its cause, the source of this volcanic resurfacing faded away 
atleast 3 billion years ago, leaving the gardening of the terrain to the 
impact of wayward comets 


Ariel is Umbriel's twin in size but in no other way. Umbriel i 
of the major Uranian moons, reflecting only 19 percent of 
hits it. Ariel is the lightest of the moons in color, with an 4 
percent. Umbriel retains one of the most heavily cral 
oldest—surfaces in the Uranian system. Ariel's surface is on 
cratered—hence youngest. 

So despite its size and position among the satellites of 
more nearly resembles Titania than Umbriel. Yet the violent 
Ariel's surface is far beyond what Titania experienced. 

Virtually all evidence of large craters and much of the 
smaller craters has been obliterated on Ariel. Its surface 
molded more intensively, over a broader area, and througha 
than Titania's. 

Titania shows extensive fault systems. Ariel displays a 
of faults with rift valleys in some places 10 to 20 miles (15 to 
deep. Some areas on Titania have been smoothed by volca 
Ariel most of the terrain has been resurfaced by a volcanic: 
the "lava" is not molten rock like volcanoes on Earth produ 
it is probably a glacierlike mixture of ice and rock only 3 


Ås surprising as Titania was in contrast to Oberon and as Ariel was in 
Contrast to Umbriel, Miranda was as astonishing a single object as Voyager 
had seen in all its travels. A "brave new world," in the words of 
‘Shakespeare's Miranda. Here, helter-skelter, side by side, was almost 
every kind of exotic terrain in the solar system: sinuous valleys, reminis- 
‘cent of those on Mars, carved by flowing water; grooves in the landscape 
like the faults on Jupiter's moon Ganymede; cratered highlands similar 
tothe ancient terrain on Earth's Moon; and much more. 


Miranda 
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Miranda, innermost of 
the large moons of 
Uranus. The bright V- 
shaped feature (the 
“chevron”) lies close to 
Miranda's south pole. 
The south polar regions 
of Uranus and its 
satellites were pointed 
sunward when Voyager 
2 flew past. The 
chevron lies within one 
of the three peculiar 
ovoids that Voyager 2 
discovered on Miranda. 


To the left is 
and grooved 
much larger o 
third ovoid 


L. Inge, US, 
Survey 


Voyager 2 flew by Miranda at a distance of 17,500 mil 
kilometers), the closest the spacecraft had been to any of the 5 
it had encountered in its eight-and-a-half-year sojourn. Beca 
close encounter, the Voyager 2 mission team could take picturesof 
da that showed detail down to 2,000 feet [less than one 
across—about the size of a large football stadium. Finer detail, 
seen on Miranda than at any of the Voyagers’ other exploratory s 
Miranda rewarded the attention amply. 

There on Miranda, covering most of the visible surface, was 
expected mix of large and small craters—indicative of the b 
little moon took after it formed. That much was as it should 
for a small moon. And that was about all there should have 

But also there, absurdly superimposed on the rolling crater 
were three enormous ovoid regions, extending 125 to 200 mil 
300 kilometers) across Miranda—half or more of its diam: 
these ovoids was light and dark material arranged in ridges, 
scarps, intersecting one another chaotically. There were f 
within the ovoids, so the ovoids were apparently a slightly ma 
and more localized phenomenon than the earliest cratering. At fits 
two of the ovoids looked like a giant farmer had gone berserk] 
his fields. The third and smallest ovoid, located near the mo 
pole, exhibited a single bright V-shaped feature (dubbed the " 
as if the crazed farmer had laid out an immense boom 
defense.'* 

Yet the weirdness of Miranda did not end there. The os 
rolling cratered plains were themselves cut by huge systems of! 
that circled the entire moon, creating fault valleys with steep 
walls. One could stand at the edge of one of these cliffs an 
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Miranda is a medley of 
all the weird terrain in 
the solar system, Frac- 
tures up to 12 miles 
deep cut through the 
ovoids and encircle the 
moon. 

NASA /Jet Propulsion 
Laboratory 


intoa canyon 6to 12 miles (10 to 20 kilometers) deep—roughly ten times 
the depth of the Grand Canyon on Earth and up to three times the depth 
ofthe Mariner Valley chasm on Mars. If an astronaut in the weak gra- 
Vity of Miranda jumped off a 12-mile-high cliff, he would fall for ten 
minutes before he hit the valley floor. It would not be a happy landing. 
At first he would fall slowly, but then gradually he would fall faster and 


Valley walls on Miranda 
catch the sunlight 
while night blankets 
the surrounding area, 
revealing how high and 
steep the cliffs are. 
Miranda is only 300 
miles in diameter but 
has canyons more than 
10 times deeper than 
the Grand Canyon on 
Earth. 

NASA/Jet Propulsion 
Laboratory 
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faster until he reached the bottom of the chasm at a speed of ce, but they may have been at some period in the not-too-distant 
per hour (200 kilometers per hour]. ; the Miranda-Ariel connection may have given Miranda its 


And just to round out this smorgasbord of a surface, Mira pee n errain, and the Ariel-Umbriel resonance could have given 
some evidence of floes from eruptions long ago, although n hapa red look. Umbriel may in turn have experienced tidal strain 


sively as Ariel. 1 aridi by Ariel or perhaps Titania, but Umbriel's greater distance from 
"Isn't it wonderful?" said one scientist admiring Miranda. Sa us may have kept the strain within manageable limits, leaving the 
“It looks like a satellite designed by a committee,” | Uate with an unstretched face. Thus, despite being the same size, 
About all the geologists could agree upon was that Mir Ümbrieland Ariel may have developed differently because they lie at 
of the strangest worlds yet seen: Its face was more what might ha fierent distances from Uranus. 
expected from a planet or moon ten times its size. With a dia 
only 300 miles (484 kilometers), Miranda should scarcely 
enough gravity to pull its mass into a spherical shape. Yet 2 not only unveiled the five known moons of Uranus; it also 
not been passive after its formation. Here, in the ovoids, the ed ten new ones, tripling the number of documented satellites 
and the floes, was evidence that it had once had considerable xr Uranus. Yet astronomers had hoped to detect at least 18 new moons. 
heat, enough to let its interior at least partially differentiate, Es reason for such high expectations was the need to explain the nine 
One explanation for the erratic surface of Miranda was that | garrow, sharp-edged rings of Uranus. It was reasonably easy to explain 
was initially formed with a not completely uniform mixture ofr the appearance of Saturn's broad, flat disk of rings. Each particle in the 
ice throughout. Then internal heat allowed the start of differer rings is a separate satellite with an orbit all its own. The particles, by 


The heavier materials began to sink toward the center and ‘he billions, must occasionally collide, thereby altering their orbits. They 
materials began to float toward the surface, but three to four billion also knock chips off one another and scatter those fragments onto unique 
ago the internal heat was fading and the moon was freezing. The orbits of their own. In this way, a ring of chunks steadily pulverizes itself 


and brighter ice buoyed up to the surface in only a few pla 
the ovoids. It was a case of arrested development. Had differ 
continued, the bright ovoid material would have covered the who 
and smoothed all the terrain. 

It ismost strange indeed that geologic activity ever begano 
or Ariel, considering their small size. Ariel is only one-third 
of Earth's Moon, Miranda only one-seventh, They are too small 
to have had enough radioactive elements to allow for even p 
nal melting if their composition resembles the other bodies 
system. Yet the evidence of internal heat is undeniable 

Where did it come from? The most likely explanation is 
the heating was provided by tidal strain induced by Ariel in 
orbit with Miranda long ago. If Miranda caught up with and: 
at the same point in its orbit at regular intervals for an exter - 
of ime, the pull on Miranda from Uranus in one direction and! Voyager 2 discovered 
in the opposite direction would have the effect of flexing the tid ten new small moons at 
of Miranda, creating significant frictional heat inside the b Uranus. Three of them 
heating is the best explanation for the volcanoes on Jupiter's lo, drocirded Here tying 
in the ice of Jupiter's Europa, and the floes that truncated ct TTT Outside the outermost 
Saturn's Enceladus, £ Paa seas 

NASA/Jet Propulsion 

In the present age Miranda, Ariel, and Umbriel are no 


and widens into a band of debris. 
Tnexamining the rings of Saturn over the centuries, astronomers on 
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The complete ring 
system of Uranus. Nine 
thin, dark rings had 
been discovered from 
Earth. Voyager 2 found 
two more. 
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Laboratory 


135 


Earth also noticed a series of apparent gaps of a few thou: 


and kept in position by at least one and probably two moonsact- 
a few hundred miles where there were no ring particles or at 


fs shepherds. Picture Epsilon, the brightest and outermost ring of 


ly few. But this too was explainable if one relied on the moons 9 Ing elt alone, collisions would be constantly slowing some particles 
Each moon has its orbit. Each ring particle is a tiny moonlet The rings so that they would fall to lower orbits. Other particles, 
too. Imagine a ring particle named Sam with an orbital period. ‘in OF Y would be gaining speed by collision and would rise to higher 


Saturn's moon Mimas, in a higher orbit, has a period of 22.5 hoy Inevitable and continuous collisions among the particles in the 
i i d a half orbis i i id out—and rather quick] 
times P of m So Eum Ee Sam Pe a = apa gon Ring or any ring would cause it to spread out—and rather quickly 

Saturn, he catches up with and passes Mimas. Each time he son 

Sam experiences a gravitational pull outward, away from Sati E. now imagine a small moon orbiting Uranus just inside this ring 
ulled into a slightly higher orbit. These tugs always occur at j ide. The cl bject is to the bod: 

two points on opposite sides of Sam's orbit. The effe EE tee tars Sot lnc shepherd wold be ating 

metrical tugs by the gravity of Mimas tends to raise Sam t than the ring particles. Every time it passes a ring particle, its gravity 
‘Thus Saturn's major inner moons, through their orbital resoni ses that particle a little tug—a little extra speed—and that boost causes 


pedes in Saturn's rings, eim clear out or reduce the numb ‘heparticle to rise to a higher orbit. The inner shepherd uses its gravita- 
ticles at certain distances in the ring system. 


tional energy to prevent scattered particles from falling inward from the 
Ring theory was in good shape until the rings of Uranus 


Astronomers could understand broad, flat ring systems. T! 


h The outer shepherd moon, however, is circling more slowly than the 

understand narrow gaps between rings. But here, revealed ring particles. Each time a ring particle passes that moon, the moon's 

star occultation by Uranus, were extremely narrow rings with ity tends to reduce its speed and it begins to fall to a lower orbit. 

Astronomers tried to explain what they detected by satellite re Jn this way, particles with excess speed that are rising out of the ring 
It didn't work. The moons of Uranus were too small, the are slowed and dropped back to the ring once more. 

large, and the rings were too finely "sculpted." So the outer shepherd shears the outer edge of the ring and the inner 

Theoreticians went to work. Peter Goldreich and Scott “shepherd grooms the inner edge. In this way, a narrow ring can last an 

duced an intriguing answer.? The particles in each na led period of time. 

But the explanation is not yet complete. The conservation of angular 

momentum governs both the rings and the shepherd moons. Each time 

‘the inner shepherd adds velocity to a ring particle, the moon loses a 

inute amount of energy and falls to a minutely lower orbit. Each time 

ie outer shepherd retards the velocity of a ring particle, it gains that 


‘The answer appears to be resonance with the larger, outer moons. 

This was the explanation that Goldreich and Tremaine offered for the 

rings of Uranus. Since the required shepherd moons would be too 

llto detect from Earth, it would be up to Voyager 2 to attempt to find 
moons when it arrived at Uranus in 1986. 

the confirmation of shepherd moons did not wait that long. NASA's 

11, the first spacecraft to fly by Saturn, discovered in 1979 that 

had a faint, narrow ring (now known as the F Ring). When Voyager 

ved at Saturn in 1980, it found that the F Ring had a pair of shepherd 


So when Voyager 2 reached Uranus in 1986, astronomers expected to 


136 PLANETS BEYOND. Triumph at Uranus 


137 


Two shepherd moons 
(marked), one on each 
side of the Uranus’ 
largest and outermost 
(Epsilon) ring, provide 
the gravitational effects 
that confine the par- 
ticles and keep the ring 
narrow. Theorists 
predicted their ex- 


‘weeks from Uranus. Pending official confirmation, the moon was 
fically labeled 1985U1. But the mission team dubbed it Puck, 
Shakespeare's A Midsummer Night's Dream once more. 
£ ise of Puck's early detection, its substantial size, and its position 
er to Uranus than the five major moons, the picture-taking schedule 
lltysger 2 was modifed to allow for one close-up image of Puck by 
“ficing one picture to be taken of Miranda. 
P he close-up of Puck showed a dark, uneven surface about 105 miles 
istence; Voyager 2 "p70 kilometers] across—a little more than one-third the diameter of 
found them for the Ep- bi ia. Puck was almost spherical in shape and exhibited some muted 
silon Ring but was not farre craters. Perhaps the outlines of these comparatively large craters 
rebates s ed been eroded over the eons by the impacts of millions of tiny par- 


forthe other Danian bs whose craters were not visible from a distance of 320,000 miles 
moons. Perhaps they tic (000 kilometers] 


are too small. f 
Taaa iae pou "As nearly as Voyager could tell, the nine other new moons that it 
Laboratory "discovered were smaller versions of Puck. They had diameters ranging 


about 50 miles (80 kilometers) down to 25 miles (40 kilometers]. 
‘Alllay closer to the planet than the major moons and Puck, and all were 
‘very dark in color, with a reflectivity less than the Earth's Moon. 

The ten new moons, all much darker than the major moons, are about 
the same charcoal black color of the rings. The rings and these inner 
see two shepherd moons for each of the nine known rings of moonlets may therefore have the same composition and the same origin. 

A pair of shepherd moons—about 25 to 30 miles (40 to 50 ‘Some Voyager scientists speculate that the moonlets and ring particles 
in diameter—was discovered for the Epsilon Ring. Eight oth | are covered with methane ice whose original light color has changed 
Satellites were discovered, closer to Uranus than the major mo ‘chemically over the ages through exposure to high-energy protons trapped 


all beyond the rings. They were not shepherds, and their grav inthe magnetic field of Uranus. This energy breaks down methane into 
too small to significantly affect the rings by resonance, carbon and hydrogen and polymerizes the carbon into long-chain 

Where were the expected shepherds? At Voyager 2's clo: hydrocarbons, black in color, dubbed "star tar" by Carl Sagan, one of 
to the rings, its cameras could detect moons larger than aboi the proponents of this theory. 


(20 kilometers) in diameter, but the shepherds required by 
Uranus could be as small as about 10 miles (15 kilometers) in 


Other Voyager scientists explain the dark color of the small satellites 
and rings as carbon compounds present from the origin of the solar 
There may well be small undiscovered objects lurking in 0 system, rather than recently blackened. It is the same mixture of ice and 
Uranus, especially pairs of shepherd moons dogging each ri dark carbonaceous materials that formed Uranus, says planetary scien- 
cept for the shepherds of the Epsilon Ring, careful analysis tist Robert Hamilton Brown. He calls this debate between interpreta- 
2's full ring-survey images has not revealed them. tions "tar wars." 

So Uranus, with 15 known moons, may yet have twice that) Regardless of its origin, the dark color of the moons and rings was one 
of satellites. But we probably won't know for certain until Of Voyager 2's most important findings at Uranus. Earlier in 1986, Soviet 
to Voyager reaches that world of many worlds with improvedi and European space probes that flew by Halley's Comet discovered that 
equipment. Unfortunately the United States has no such its nucleus was also extremely dark. This blackish hue suggests abun- 
preparation. There may be no more close-up spacecraft exploral dant carbon or carbon compounds, vital for life. Thus, satellites in the 
Uranus or Neptune in our lifetimes. Outer solar system and their cometary antecedents appear to be emphasiz- 

The first of the ten new moons of Uranus that Voyager 2 ingthat our solar system (and others?) formed with the right chemical 
was detected on December 31, 1985, while Voyager 2 was still elements for life to begin wherever conditions would permit. 
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Eleven dingy rings. There isn't much to them. Prior to the 
nine rings of Uranus had been known since 1977 when the 
their existence by taking turns momentarily blocking the 
All were thin in dimensions and material. The Epsilon Ring, th 
most and most substantial of the eleven, varies in width 
miles (22 to 93 kilometers). The other rings have widths of 
7 miles (1 to 12 kilometers]. If Uranus were shrunk to the si 
ball, the rings would be the width of strands in a spider's 
The rings of Uranus may be sparse and black as coal, bi 
relatively free of dust. In fact, observations by Voyager at Ui 
comparatively few particles smaller than beach balls or 
trast, Jupiter's ring system is by mass about 50 percent di 
measuring about one-ten-thousandth of an inch (a few micro 
about the dimensions of the tiny solid grains in smoke thatn 
Saturn's rings have 10 times less dust than Jupiter's. And 
Uranus have about 100 times less dust than those of Sat 
Voyager 2 could measure the dustiness of the rings as it pz 
by looking back so that the sunlight struck one side of the 
Voyager observed from the other. Under this circumstance, 
ring chunks (a foot, a yard, a mile in size) are hard to see, but 
flecks of ice the size of dust are conspicuous because they t 


ter light forward. The effect is like what a moviegoer sees ina dg 


theater as the film is projected. Looking down the projector! 
light toward the screen, one usually sees only reflected brig 
the screen. But from the front or sides of the theater, the light’ 
the projector toward the screen is obvious as it illuminates di 

So the dust in the rings of Uranus—what little there was- 
when Voyager 2 put the rings of Uranus between itself and the! 
scarcity of dust in the Uranian rings was startling. It indic 
rings of Uranus must be evolving continuously and rapidly. 
in any ring system must be colliding, and thereby grinding 
down. A ring system in equilibrium must contain a sizable 
fine dust. Jupiter's small dusty ring may be the remnant of 
disintegrations that have worn the chunks down to fine powder 
icy rings contain a balance of large and small fragments. At 
large particles are present, but the small particles are missi 
of Uranus are not in collisional equilibrium. The large fra 
liding and making dust. But something is removing dust 
of Uranus almost as fast as it is formed. 
Voyager 2 framed the problem. Voyager 2 found the a 


extends in a very tenuous form much farther from the pla 


ultraviolet spectrometer showed that the hydrogen atmosphere! 
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pected, all the way out through the rings. The cause of this bloated atmo- 
sphere was assigned to the phenomenon that creates dayglow. In that 
process, hydrogen atoms are slowly but steadily escaping from Uranus, 
andas they do they provide sufficient density to exert a significant drag 
onthe dust particles in the rings. The dust particles are steadily slowed 
and fall to ever-lower orbits until they disappear from the ring system 
‘and vanish into the shroud of gases in the atmosphere of Uranus. 

‘The entire Uranian ring system is rapidly eroding. 

Far from Uranus, where Oberon lies, there is little evidence that 
anything much has happened geologically since the intense meteoroid 
bombardment of the solar system's early days. Closer to Uranus, Ariel 
and Miranda are smaller worlds with extended geologic activity writ- 
tenon their faces. Still closer to Uranus are the ten new moons, all tiny 
by comparison and, to judge by the largest one, all thoroughly battered. 
Siillcloser than the moons is the Epsilon Ring, the densest, widest, and 
brightest of the rings, with two of the newly found ten moons serving 
shepherds. And still closer are the remaining ten rings, composed of 
chunky debris, 

But why should the moons of Uranus show evidence of greater, longer, 
and more disruptive geologic activity the closer to the planet they lie? 

The internal heat from the decay of radioactive elements and gravita- 


Past Uranus, Voyager 2 
looked back through 
the rings toward the 
Sun. The image re- 
vealed dust particles. 
although far fewer than 
in the rings of Jupiter 
and Saturn, Since ring 
Particles continue to 
form dust by collisions, 
the dust must be fall- 
ing into the atmo- 
sphere of Uranus. The 
ring system of Uranus 
is eroding rapidly. 

NASA /Jet Propulsion 
Laboratory 
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tional compression necessary to melt the interior and : ius: le cavit ; 
à C and comets are going, the gravity of the passing star accelerates 
hes oust) be poses ia ite atest odi Yet Oberon T E ‘comets and they escape from our solar system forever. But 
é greatest gon Nassing star also decelerates millions of other comets, and they begin 
MN ME prat rade ES : Long fall that will carry them over a period of many centuries closer 
daa laced GUMS Gees es Ue Sun on new orbits. Most of those falling millions never get as close 
well have been a principal cause. But another factor may have o othe Sun as is Pluto or Neptune. But the few that do enter the planetary 
zi b E^ fer ofthe solar system and penetrate deeply to within Mars or Jupiter's 
P Miranda and Ariel were battered more severely by impact sistance from the ane Show eee orbits that hey ares ud 
others, says the hypothesis, for the very reason that they  ihisiniin RE oue 
m up — 
closer to the planet, creating a region around Uranus wher omet whose orbit starts outbound again at about the distance of Jupiter, 
of flying junk was higher and the chances of a moon ge there should 4 pus ra sr cuo E iua: 
e 2 : - than Saturn an ‘ 
Seles coon ae e e mall isis 9o teir pats aee easly dtd eg 
e e OR ua ND iof he giant planets. These perturbations hurl some comets out of 
of gravitational focusing by which Uranus hurled planetesi Ee Othe comets will eel o Dy cane pen 
its huddled satellites, the Voyager 2 imaging team estim mar ep aea paal di diip- 
E Ad VoM e eC CUM ad orbits relatively close to the Sun. Before, they had orbital periods 
craters and Miranda 14 times as many. Uranus was guilty of c Eoo Tillions of years They were long period comets, Now 
But how does anyone know about the frequency of crat Bee: stort-period comets, with periods of 200 years or less, 
ie preset ee ine ee a Because the gravity of Uranus usually gets a crack at an inbound long- 
i period comet before Satur or Jupiter do, many more comets are expected 
supe ot Goma EE ies {oshow orbital evidence of a gravitational encounter with Uranus than 
eh Sain see dd tac Saturn or Jupiter despite their far greater masses. Some comets have 
5 to 10 miles (8 to 15 kilometers) in diameter. Based on the orb Bee ested so that they never venture much farther from the Sun than 
itu Har Dh eco tC ND Jagter. They are said to be the Jupiter family of comets. So too there 
tbat lao cceues det eaten cee S are families of comets with aphelia at about the distances of Saturn and 
managment M E oben as “Uranus. But because far more comets reach inward only as faras Uranus 
ing through our solar system. Therefore, said Oort, to a Bee: than Saturn or Jupiter and because Uranus gets the first chance 
steady tickle of tahat 3 " E s th P to gravitationally disturb all that do, some astronomers estimate that 
teady trickle of comets that pass close enough to the Sun for “Uranus has a harem of short-term comets 100 times more numerous than 
our planetary system must be surrounded by a sphere of con Saturn and 600 to 700 times more numerous than Jupiter. 
ins perd. pae end elute ana gucodins M to Uranus finds itself constantly in the midst of a snowball fight with 
PR eorum SRNE ; ‘ceballs the size of Earth mountains or larger. There are probably a million. 
the Oort Cloud, there must be, according to recent estimate short-period comets that frequently pass near Uranus” Over time, 
of umen qim tle aa pene billion Met of. Uranus and its satellites stand a good chance of getting hit. Uranus faces 
them from Earth. eh ease aid FE ES army of assassins than Jupiter or Saturn, but it has a larger area 
c ^ "of space in which to hide and less gravity to draw trouble its way. Jupiter 
see any of them except that, every once in a very long Saturn may face fewer prowling assassins, but they have smaller 
dragging its family of planets and satellites along, passes in il : 


a s along which to scurry to escape a hit and more gravity to focus 
of another star. When that happens, depending on which d “*omet attention toward them. The result is that the number of impacts 
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in the Jovian, Saturnian, and Uranian systems evens out. A sc 
on Uranus and its satellites may be expected to be blasted 
the same frequency asa square mile on Jupiter, Saturn, and their 
The frequency of comet cratering can be estimated well eno 
specialists believe, so that when estimates of comet di e 
pared with the observed damage to the moons of the giant ] n t 
Eliane may be drann. Oberon and Uribe how fd ppo men 
especially large ones, to have been cratered only by comet 
survivors of at least most of the earliest formative events ; . 

The ten newly found inner satellites of Uranus might well b ] th N e tu n e 
from moons that shattered about 3 billion years ago. The ri 
are most likely fragments from the ongoing demolition of 
Ifall the material in the Uranian rings could be scooped up; 
into one large rocky iceball, it would form a body only 
kilometers) in diameter, smaller than any moon yet disco 
By comparison, the particles in Saturn's ring system would. 
180 miles (300 kilometers) in diameter.” The rings of Sa 
thousand times more mass than the rings of Uranus. 


The real heroes are the engineers at JPL who built the 
wonderful spacecraft that have lasted so long and 
performed so well.” 
Aocoretician Scott Tremaine 
(1988) 
“for a spacecraft designed and built back in the days 
“when hand-held calculators were first being marketed, the 
— M — — — Long before Voyager 2's data could be fully analyzed andit \oyagers have been remarkably responsive to the science 
The Price-to- idüomeghly appreciated, rans waica starlike dotted “and engineering demands placed on them.” 

Learning Ratio spacecraft, which was already preparing for its next and lis D. Miner, Assistant Project Scientist for Voyager 

From launch through the encounter with Uranus, Voyager B^ 

each American $2. It was a remarkable return on an 


Because of its great distance, it has been hard to pry secrets from Nep- 
" tine. It is about the same size as Uranus but more than half again as 
lar away, so it is about ten times fainter and offers even less of a disk 
pon which detail might be discerned. One large moon, Triton, was found 
soon after Neptune was discovered, but a century passed before a sec- 
‘ond moon, Nereid, was found in 1949. 

_ Neptune moves so slowly in its distant orbit that, since its discovery 
in 1846, it has not yet had time to complete one revolution around the 
Sun. That event won't occur until 2011. 

— For Voyager 2, Neptune was a staggering challenge because it stood 
‘listin a line of ifs. If Voyager 2 survived, collected data, and achieved 
“the proper gravitational assist at Jupiter; if . . . at Saturn; if .. . at Uranus. 
ch flyby placed its own special demands on the spacecraft's trajectory, 
nd the demands restricted its flight path at the next planet. 
Mí scientific success at Uranus were to match the Voyagers’ triumphs 
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at Jupiter and Saturn, the researchers needed the spacecraft E Voyager’? at Netia, 
to the planet; penetrate deeply into the planet's suspected mag Closest approach to Neptune 2909, Vora on 2 Mew 
sail close by the planet's innermost major moon, Miranda; a (2,800 miles above clouds) oud og ae 
behind the planet and its rings so that the scientists could over the north pole of 
transmission of Voyager passing through the planet's ring Neptune, then on past 
atmosphere to reveal its structure and composition. TRO D TNG canon 
Se 3 1 ly large moon in the 
Plecevppsdim Deka a coriis rele 
eal E -2 hours / Voyager 2 around its planet in the 
for Voyager 2 to get just to the vicinity of Neptune was not er "2 A OVE direction opposite to its 
searchers wanted a full-fledged scientific investigation, wl Pu planet's spin and 
course, flying close to the planet, plunging deep into its magn revolution around the 
and beaming radio signals through its rings [if there were any) * Sun. cens orbits 


sphere. It meant, as well, passing close to Neptune's largest m » ne ates To Sun& Earth 3180 Inclined 25 
and flying behind Triton so that Voyager's radio E Bees DEDE surface) E N aie nra 
the moon's atmosphere to indicate its structure and comy E NEPTUNE Triton, Voyager 2 was 
It was hard enough to meet the objectives at Uranus even: headed out of the solar 
neglect the gravitational-assist requirements to divert the crafto sa nyitas in a southesty 
tune on a precise billion-mile course. To meet all the objective direction: 
Uranus and Neptune was a lot to ask of one single flight. 
Yet such a flight path was found. It would carry Voyager. 6 hours. 
miles (4,900 kilometers} above the cloud tops at Neptune's 


N 
Triton 


then bchind the planet, and then on past the moon Triton. 
of only 25,000 miles (40,000 kilometers). With utmost s 
Voyager 2 could even avoid colliding with the planet, its par 
and its moons. It would be the closest planetary flyby in the VON UA 
gram. To make it work, Voyager 2 at Uranus had to hit a poin "Hiding near the planetary fringe of our solar system, a billion miles (1.6 The New 
at a point in time with phenomenal accuracy. To miss “co1 billion kilometers) farther out than. Uranus, Neptune is about four times Challerige for 
at Uranus by a mile would create an error of 4,000 miles ati ‘foo dim ever to be seen with unaided eyes. At a distance from Earth of g 
A small miss at Uranus could be corrected later by using the s - 28 billion miles (4.5 billion kilometers), Neptune presents a disk only Voyager 2 
thrusters to adjust speed and direction, but such a maneuver W "Gare seconds across, so discerning features on the planetis like seeing 
by the fuel remainin “details on a dime a mile away. 
The accuracy required of the spacecraft navigators at Ure Because it is 30 times more distant from the Sun than is Earth, Nep- 
Voyager 2 on its unique trajectory for Neptune, said Cha tune receives 900 times less sunlight than our planet and 2.5 times less 
Voyager mission planning manager, was a feat comparable ‘than Uranus, The Sun in the skies of Earth is a disk measuring about 
sinking a thousand-mile putt. - lalf a degree (30 arc minutes) across. From Neptune the Sun is only one 
The celestial golfers holed out. When the mission team. minute in diameter—the size of a quarter seen across the length of 
that Voyager 2 was headed down the corridor only 6 miles (1 football field. Yet the Sun in the sky of Neptune is still about a thou- 
off center, they canceled the final midcourse correction, _ Sind times brighter than the full Moon in our nighttime sky. Even so, 
As Voyager 2 passed 50,700 miles (81,600 kilometers) above. light levels at Neptune are low—the equivalent of twilight about ten 
tops of Uranus on January 24, 1986, the gravity of the p nutes after sundown on a clear day on Earth. n 
spacecraft's trajectory by 23 degrees and increased its veloci Voyager 2 had three successful planetary encounters behind it, but Nep- 
4,500 miles per hour (2 kilometers per second). Voyager 2 _ tune posed a new set of obstacles. First, the spacecraft would have to 
to Neptune. A billion miles and three and a half years of tra the three and a half years of flight between Uranus and Nep- 
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tune. Second, because of Neptune's greater distance from the E ý 

2 would have to take pictures at still-lower light levels. TI onthe eo hs ccolt wove enpi back tts target to resume 

ck roaches to Neptune and Triton were scientifi picture t à 5 : 

espe soe Hes Sd ura ee UN ically Itt was not enough just to make improvements to a 12-year-old 
ictures increased. Finally, the increased distance would m craft built with early 1970s technology on an extended mission 2 

pan with the Hassan even more difficult. Ata A Ris o billion kilametersjand eight years beyond mission re- 

billion miles (4.5 billion kilometers), instructions radio A ements, Improvements were made to facilities on Earth as well. 


TE 5 2 could not increase its radio-transmitting power, so NASA 
would take four hours and six minutes to arrive, and the d. ied the receiving power on antennae on Earth. At Goldstone, 


"ililornia; Madrid, Spain; and Canberra, Australia, are the tracking sta- 
‘of NASA's Deep Space Network. When Voyager 2 flew by Uranus 
471986, each had a steerable radio receiving dish 210 feet (64 meters| 
diameter. For the Neptune encounter, NASA enlarged those dishes 
1230-foot (70-meter) receivers, increasing reception by about 20 per- 
mos modifications to reduce background noise provided the big 


The logistics of Earth's first spacecraft to visit Neptune pute 
pressure on the one remaining crippled onboard radio receiye 
the fault detection and correction systems of the onboard. 

It also put enormous pressure on the team of spacecraft 


with a total improvement in receptivity of about 50 percent. 
addition, arrangements were made so that the Goldstone, California, 
dish would be assisted by the Very Large Array radio-telescope facility 
jn Socorro, New Mexico. The VLA is a system of 27 movable dishes each 
‘42 {feet (25 meters] in diameter. The Goldstone and VLA receivers would 
be linked together to more than double their receiving power to catch 
“the one-tenth of a billionth of a millionth of a watt reaching the array 
from Voyager 2 at Neptune. A modern electronic digital watch operates 
‘on 20 billion times more power. Help for NASA's Canberra, Australia, 
“dish would come from Australia's 210-foot (64-meter) Parkes Radio 
‘Telescope and, when Voyager 2 passed beyond Neptune and Triton, from 
“the 210-foot (64-meter) dish of Japan's Usuda space-tracking station. 


tion, perhaps modify its speed and angle of approach slightly as 
fuel would permit, and update the craft about the changed tar d 
and angles for the cameras and other instruments. 


counters, improvements to Voyager Z and to the comm 
on Earth continued. The objective was to get from Voya 
quality pictures and the same rate of data transmission f 
as had been achieved at Uranus despite the 57 percent gre: 
which more than doubled the problems of transmission ar 
In the perpetual twilight so far from the Sun, Voyager's telev 
would require longer exposures to form pictures, The 
time exposure at Uranus without using the tape recorder 
seconds. For Neptune, due to computer reprogramming, 
posure time without using the tape recorder could now be sev 
Voyager 2 was now even steadier as a camera and i 


- Uranus and Neptune, said the astronomy textbooks prior to the Voyager 
à ior : “flyby, are pretty much twins. And so they are in size, in mass, in at- 
than it had been at Uranus. By firing the thrusters ii bI ES and in color. It was their similarities that provided a basic 
Mules E VERDE itaim he “set of expectations about what Voyager 2 would find at Neptune. 
Pes Via D s "E A Ne lanus isa little larger in diameter, but Neptune hasa slightly greater 
in ; Both have thick atmospheres composed overwhelmingly of 
sra a vies Lam p drogen and helium flavored with small quantities of other gases, in- 
neue S EE M RE d pu cad methane. It is the methane that gives both Uranus and Neptune 
pon ped due blue-green color by absorbing the red wavelengths of sunlight. 
Pic pU a CAS EE on (persi But there are also differences—and significant ones. 
Eon ion] with nodding image motion comp "Uranus and Neptune are similar in size and mass, but because Nep- 
Wm ena Keri incis smaller in diameter and yet greater in mass, it has a considerably 


£ her density. il ^ 
that the picture could be transmitted immediately without ‘ ide ad Sens eves ta tto caa ve ptc Pasce 


Target Neptune 
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Neptune and Triton 
(marked by arrow) as 
Seen from Earth with 
the 120-inch telescope 
of the Lick Observatory 
Lick Observatory 
photograph 


Unlike capsized Uranus, Neptune stands relatively upright. 


E 


T siderable variation in hues. Ground-based observers occasionally 
ed to see features in the atmosphere of Uranus, but they could not 
firmed by most astronomers. When Voyager 2 arrived at Uranus, 

__ beet ares in visible light showed an essentially featureless atmosphere. 
intensive computer enhancement of contrast showed a very modest 

“ay of details undiscernible by the unaided eye from the rest of the 

heric background. 

P'lised on the progression toward weaker atmospheric detail from 

piter to Saturn to Uranus, one might have expected no cloud details 

m he colder Neptune. But Neptune didn't care about expectations. 

P e discovery of cloud details on Neptune was made possible by a new 

imaging technology called the charge-coupled device (CCD). Soon after 

“jsiavention in 1969, the CCD began to outperform photographic film, 

which had been the picture-taking backbone of astronomy for a hun- 
dred years. CCDs are small silicon chips divided into many rows and 

‘columns. Photons striking cach tiny sensitive spot trigger a buildup of 

electrical charge in proportion to the number of photons received. By 
measuring the charge at each site, a picture can be constructed. In this 
way CCDs serve as the heart of supersensitive television cameras. Us- 


around the Sun. There is some axial tilt—29 degrees—very simil ing CCDs with Eerth-based telescopes, astronomers detected on Nep- 


Earth's 23.5 degrees. Unlike Uranus, there is never any sunlig 
ing down almost vertically on the Neptunian poles. 
When it became possible to sample wavelengths beyond the 
light coming from Neptune, astronomers discovered that the 
of energy radiating from Neptune was greater than the ene 


tune bright high-altitude clouds that formed and vanished—and provided 
a means of estimating the rotation of the atmosphere of Neptune at dif- 
ferent latitudes. 

Ason Uranus, the length of a day on Neptune had been hard to measure 
and was highly uncertain. As a gas giant planet, Neptune was expected 


receiving from the Sun. The excess energy was in the form of to rotate faster than rocky midgets like Earth. As a small gas giant like 
radio waves. Jupiter and Saturn emit about twice as much en Uranus, Neptune was expected to rotate slower than the larger gas giants, 
receive from the Sun due to heat from their interiors. Uranus emi Jupiter and Saturn. Neptune showed a modest equatorial bulge, which 
energy that it receives, but just barely. At Neptune, at least suggested a rotational period as fast as 15 hours. 


energy flowing from the planet was from internal heat. It wê 


The extent of the equatorial bulge on Neptune was determined from 


two to two and a half times more energy than it received. the planet's occasional occultations of stars. Those same occultations 
thought that Neptune was particularly warmhearted. It was | allowed the diameter of Neptune to be measured with respectable ac- 
received so little energy from the Sun that it was easier to d ‘curacy: 30,800 miles (49,600 kilometers]. 


planet's own emission. Neptune's internal heat production 


The determination of Neptune's rotation by spectroscopy and 


to be roughly comparable to that of Uranus. The behavior photometry had left considerable uncertainties. Spectroscopy measured 
2 deep in the gravitational and magnetic fields of Neptune i how fast Neptune's western limb was rotating toward the Earth and how 


vide new information about the planet's interior structure, whi fastthe eastern limb was turning away. Together with the exact diameter 
clarify the source of this internal energy. 
And, perhaps because of its greater interior heat, Neptune 
Uranus, showed cloud features that were visible from E 
struggle to see them, but they were there. Jupiter's clouds are ex 
distinct and colorful. Saturn's clouds are shrouded by haze 


of Neptune, these speeds could furnish a reasonable calculation of the 
Tolstion of Neptune (or at least its atmosphere). 

Photometry measured variations in the light reflected from Neptune 
‘Sothatif it had a long-lived atmospheric feature like Jupiter's Great Red 
Spot, its appearance and disappearance as the planet turned could reveal 
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This photograph of 
Neptune, taken by 
Heidi B. Hammel with 
the University of 
Hawaii's 88-inch 
telescope on Maura Kea 
in 1986, was the best 
ground-based image of 
Neptune of its time. It 
showed clouds (bright 
spots) in Neptune's 


that Neptune rotated in 17 hours 43 minutes.” 
Finally, in 1979, the first cloud features on Neptune were d 
Subsequent observations have refined the rotation period 
(or at least its clouds] to about 17 hours.‘ 


With the discovery of the ring systems of Uranus and Jup 
astronomers suspected that Neptune would have rings also, | 
so faint, like those of Jupiter, that evidence of their existence’ 
to await a visit from Voyager, or were they substantial enoug 
of Uranus, to be detected from Earth when they occulted a: 

Such occultations, however, are much rarer for Neptune 
for two reasons. First, although the two planets are about th 
Neptune is much farther away from Earth and therefore o 
smaller apparent disk to eclipse a star. An occultation by Ne 
pens only about once a year. 

Second, the axial tilt of Uranus helps the chances that it 
occult a star, while Neptune's tilt does not. Planetary rings 
their planet's equator. So, in the case of Uranus, for about half 
orbit, the rings present themselves face on to Earth, incre 
in the sky where a stellar occultation can take place. But Neptu 
closer to vertical in its orbit and thus its equatorial rings app 
nearly edge on, reducing the area of the sky they cover a 
chance they will occult a star. 

In 1981, Neptune nearly eclipsed a star, and a team of 
was watching intently. The star blinked once as Neptune 
but did not blink again after Neptune glided by. The astroi 
nounced a probable new moon of Neptune, but they we 


The Search for 
Rings at 
Neptune 
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t wasn't a ring, they reckoned, because a ring would have occulted 
P pound and outbound. Yet for a moon, a very tiny dot, to par- 
E. E a star was exceedingly improbable. Still, there are a lot of 
tally of gach events must happen sometime. And something had indeed 
dr ned. But the suspected moon could not be seen directly — 
"The search for a ring system continued. Neptune occulted a star in 
with many astronomers in attendance. No evidence of a ring or 
E moon was found. A . 
F Interested in the problem, an astronomer at the University of Paris, 
é Brahic, asked for telescope time on July 22, 1984, at the European 
Southern Observatory on Cerro La Silla, Chile, when Neptune was 
‘scheduled to nearly occult another star. His request was denied. But he 
Grew attention to the event and prevailed upon some colleagues who 
tad been assigned to the 40-inch (1-meter) telescope that night to take 
from their research and watch Neptune as it passed the star. There 
asa flicker before Neptune reached the star—but no flicker as Nep- 
tine moved away. The event had lasted about one second. The star's light 
had been dimmed 35 percent. It was as if there was a ring at Neptune 
‘put one that extended only part way around the planet—a partial ring, 
E of the attention Brahic called to the event, another team of 
astronomers was also at work that night using the passage of Neptune 
near the star to search for a ring. This team was only 60 miles (100 
kilometers} south of Cerro La Silla, at the Cerro Tololo Inter-American 
Observatory. Their 36-inch (0.9-meter} telescope carried a sensitive 
photometer that continuously recorded the light levels on magnetic tape. 


Occultation of star observed 


Line of occultation 


< 


Orbit of ring are 


The “arc ring” system 
of Neptune was dis- 
covered in 1984 when 
Neptune passed near 
but not in front of a 
star. Yet the star was 
briefly occulted on one 
side of Neptune but not 
the other. Astronomers 
concluded that a thin 
ring was present but 
that it extended only 
part way around 
Neptune—a ring arc. 
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— pahic, and their collaborators estimated thet the ring arc must 
wi only about 10 percent of the planet.” 
eve discovery of an arc ring at Neptune provided continued stimula- 
son for occultation observations at every opportunity. Approximately 
ion for ver of those experiments produced readings that were interpreted 
oor but according to researcher Philip D. Nicholson, only 
using is were absolutely convincing—and they yielded three separate 
ie et different distances from Neptune. So, as Voyager 2 approached, 
dre appeared to be at least three arc rings, and perhaps dozens. None 
E. three best-established arc rings had been seen more than once. 
‘and outermost to be discovered lay 26,500 miles (42,700 
ters} above the cloud tops of Neptune. The distances of the inner 


ares were highly uncertain. 


For quick reference, it also printed the average light level 
5.0 seconds. The occultation had lasted only about one 
samples printed by the computer had so nearly averaged 
that it went undetected.‘ But when the team leader, Wi 
bard of the University of Arizona, heard about Brahic's posit 
tion results at a conference that October, he reexamined the f 
of the observation on his magnetic tape, which showed lightlevg 
every one-hundredth second. The occultation was real and 
detail with the event seen at the European Southern Obser 
because the same event had been seen by two observing te 
ferent sites, the occulting object could not be a moon. To p 
the same star simultaneously from slightly different angles 
required no less than two moons positioned for simulta 
occultations with preposterous accuracy. The likelihood Twasanother hard-won victory to wrest information from a tiny blue- 
incidence was vanishingly small. dot almost 3 billion miles (4.8 billion kilometers) away. 

Buta partial occultation seen from two sites could be ex But how had partial rings come to be, and how could they persist? The 
short narrow stream of debris circling Neptune. Based on. icles closer to Neptune must revolve faster, tending to spread the 
the occultation, the ring arc was estimated to be about arcs inner boundary forward along its orbit. The particles farther from 
kilometers) across and 100 miles (160 kilometers] long. It was 41; Neptune must revolve more slowly, tending to spread the arc's outer 
(67,000 kilometers) from the center of Neptune. At 2.65 Ne boundary backward along the orbit. Jack Lissauer calculated that rota- 
from the planet's center, this ring arc was near but beyond tional shearing would spread the particles of the arc into a full ring in 
Roche Limit, the distance from a planet within which a larg Jessthan three years. So what was preventing the arc or arcs from form- 
not form due to tidal forces exerted on it by the planet. Beca ing a full ring? 
arc lay beyond the Roche Limit for Neptune, the arc was at Several theoreticians attempted to explain how an arc ring system could 
the breakup of a moon rather than primordial material Jstmillions of years, perhaps since the formation of the solar system." 
form into a moon. Peter Goldreich, Scott Tremaine, and Nicole Borderies offered a mech- 
Based on the number of searches for a ring that found nothi anism by which one shepherd moon could by resonances stabilize a series 

‘ofarc rings if the moon's orbit was circular but slightly inclined to the 

ring plane. The mechanism was analogous to the moons Janus and 
usin the Saturn system, which occupy almost precisely the same 

orbit. As Epimetheus, the smaller of the two, catches up with its compa- 
"nor, it is accelerated by the gravity of Janus and begins to ascend to 
slightly higher orbit. As it rises, its orbital velocity declines and it begins 

- to fill behind. In this way Epimetheus never passes and never quite 

‘catches up with Janus. 

As Epimetheus falls behind, Janus gradually, over a period of years, 
‘begins to approach it from behind. The entire process repeats itself, this 
fime with Janus falling behind and Epimetheus gradually catching up. 
Inthis way Janus and Epimetheus oscillate closer and farther from one 
fitis of Neptune took another. along the orbit they share. y , 

like this? "This same process, said Goldreich, Tremaine, and Borderies, was prob- 
© Paul DiMare ably at work in the Neptunian system, except that Epimetheus was re- 


Artist Paul DiMare pic- 
tures a ring system 
composed of large dark 
particles and little dust 
or ice. Voyager 2 found 
such a ring system at 
Uranus. Will the arc. 
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Lagrangian Foints. For 
any two bodies revolv- 
ing around one 
another, there are five 
Precise positions where 
the gravity of the two 
bodies and centrifugal 
force will allow small 
objects to remain. Only 
the L4 and L5 points 
are truly stable, 
however, for small ob- 
jects disturbed from 
those points will 
oscillate near those 
Positions and not fall 
toward either body. 
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placed by a swarm of particles. Each particle in the arc rings 
like a tiny moon and exhibit the same kind of oscillation as 
catching up with and falling behind its coorbiting moon, whic 


pr 


ditferent method of sustaining Neptune's peculiar ring arc system 
posed by Jack Lissauer using a fascinating arrangement of 
rd moons. To explain how the arc particles stayed together in a 


as shepherd. Astronomers had not yet seen that shepherd m cp along their orbit, Lissauer took his cue from Jupiter. As Jupiter 


Neptunian system, but perhaps Voyager 2 would. 
Depending on its size, this coorbital shepherd would be. 
not only a ring arc or arcs at about its own distance from 
also, by resonance, a large number of arc rings at diffe 
According to their calculations, these arc rings would 
billions of years, so the partial rings could have been inp 
the time that Neptune formed. 


s around the Sun, two families of asteroids travel with it in its 
one 60 degrees ahead of Jupiter and another 60 degrees behind. 
minor planet families of Jupiter are called the Trojan asteroids, 
nd their orbital curiosity was first explained by the Italian-French 
hematician Joseph Louis Lagrange in 1772, more than a century 
asteroids began to be discovered at the Lagrangian Points. 
PAt these positions the gravity of Jupiter and the gravity of the Sun 


in such a way that particles and moonlets located there remain 
nt from the Sun and Jupiter with stable orbits. Three other 


te. But of the five, only two provide stable orbits: those that lie along 
satellite's orbit and precede and trail it by 60 degrees. The preceding 


jan Point is designated L4; the trailer L5. 


— M Jupiter, the Sun and planet combine to produce gravitationally stable 
ositions for the Trojan asteroids. Lissauer used that scenario for Nep- 


1772 mathematician Joseph Louis Lagrange dis- 
"covered a peculiar consequence of the law of gravi- 
‘fy when applied to two bodies orbiting one another, 
uch as Jupiter and the Sun. According to his 
tions, there would be two positions along the 

of Jupiter 60 degrees ahead and 60 degrees 

the planet where the gravity of Jupiter and 

Sun would cause small objects near those sites 
oscillate without falling toward Jupiter or the 


Thereare a total of five Lagrangian Points for any 
bodies revolving around one another. The 
three lie along a line connecting the two 

as shown in the diagram. These points, 

t, are not stable for small objects because 


positions (by the Sun or another planet), they will 
wander away and not return. 

No asteroids have been found at the Lagrangian 
Points in the Earth-Sun or Earth-Moon systems, but 
there have been reports of particles detected at the 
orbital positions 60 degrees ahead (L4) and 60 
degrees behind (L5) each of the smaller bodies. 

No asteroids have been found at the Lagrangian 
Points in the Saturn-Sun system either, but the 
gravities of Saturn and its modest-size moon Tethys 
work together to hold two moons at Lagrangian 
Points along Tethys’ orbit. Calypso occupies the L4 
position and Telesto follows at L5. Roth Lagrangian 
moons are about 15 miles (25 kilometers) in 
diameter. 

Saturn appears to delight in Lagrangian possi- 
bilities. The ring-master and its moon Dione com- 
bine gravitational forces to hold Helene (about 20 
miles in diameter) at Dione's L4 point. 
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the substitution of Neptune and an undiscovered moon fo 
Jupiter. He suggested that the undiscovered moon was 60 


3 In the hypothesis by 
Jack J. Lissauer, each 
E $ peers j of Neptune's arc ring 
the arc ring (which would place the arc ring in the L4 c oui be maintained by) 
complish its gravitational duties, this Lagrangian sheph L the teamwork of two 
to be about 125 miles (200 kilometers] in diameter—a shepherd moons un- 
Voyager 2 discovery because it is too small to be seen seen from Earth. The 
The Lagrangian shepherd would keep the arc ring puse gs 
spreading out along their orbit around Neptune but Lagrangian Folnts of 
the spread of the particles outward and inward into a wi one moon that would 
to collisions that would accelerate some into higher orbits. keep the fragments 
others into lower orbits. Eventually these collisions would bunched up along their 
ticles far enough from the stable Lagrangian Points so. orbit.:A'second moon 

Id be exti ly t So at least one sh inside or outside the 
would be extremely tenuous. So at least one more shepl Shepherd satelite Aro ring ringarc orbit would 
necessary to control the radial spread of the arc. Like th 


keep the fragments 
the full rings at the other gas giants, this shepherd could. from spreading inward 
outside the arc ring. There could be an inner shepherd, an out 


e or outward. 
or both. 

POLAR VIEW 

Lissauer was forecasting that this shepherd would lie 


ring where its greater orbital velocity would cause it peri 
up with and pass the arc ring particles and accelerate d 
ones slightly so that they would climb back into the are 
not decay into Neptune. There was no way to know 
shepherd because the required mass would vary according | 
its orbit was from the partial ring. It was probably b. / 
miles (100 and 200 kilometers) in diameter. A shepherd orbitis 
{1,000 kilometers} below the orbit of the arc ring, said 
need to be about 75 miles (120 kilometers] in diameter, 
Which model, if either, was correct? Lissauer felt that the 
more economical in the number of moons it required. Ea 
Lissauer's system would be stabilized by two or three sh 
whereas in the Goldreich-Tremaine-Borderies explan 
would suffice to stabilize one or many arcs. If Voyager 2could 
the expected shepherd moon or moons of Neptune in ori 
ring system, it would be possible to settle this question. 


Scientists were also anxious to see if Voyager 2 could phi 
ring arcs themselves. It wouldn't be easy. As measured fro 
occultations of stars, the arcs were certainly very narrow, 
of Uranus, and probably very dark as well. With its ability —— 
pictures and to provide its own radio occultation experin item moons had been confirmed for Jupiter. Seventeen for Saturn. Fi- Pr yc Sof 
that Voyager 2 might reveal the number and structure enfor Uranus. But only two moons were known to exist at Neptune. Neptune 
curious ring fragments and the size and nature of the pa n was discovered by the English brewer and amateur astronomer PI 
Lassell soon after Neptune was found and was named ap- 
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SCORECARD FOR VOYAGER 2 DISCOVERIES AT NEPTUNE 


Neptune 
Diameter 


Mass (Earth=1) 


Density (water=1) 
Rotation period 


Magnetic field 


Rings 


Distance from center of planet 


Atmospheric composition 
Atmospheric features 


Triton 

Diameter 

Mass (Barth=1) 

Density 

Rotation period 
Atmospheric composition 
Atmospheric features 


Surface features 


Best information 
before Voyager 2 
Encounter 


30,800 miles 

(49,600 kilometers) 

17.2 

1.76 

17.0 hours (based on clouds}; 
about 18.0 hours suspected for 
interior 

not detectable from Barth; 
suspected to be similar to 
Uranus’ in strength 

3 ring arcs reasonably certain; 
material fills about 20 percent 
of orbit; ring particles ex- 
pected to be black; shepherd 
moon(s} expected for arcs 

25,000 to 44,000 miles 

{41,000 to 71,000 kilometers) 


hydrogen, helium, methane 

methane clouds barely dis- 
cernible away from equator; 
slight banding expected but 
not seen from Earth 


2,200 miles (3,500 kilometers) 
(highly uncertain) 

0.016 

2 (highly uncertain) 

5.9 days retrograde 

methane, nitrogen 


pressure and transparency 
unknown 

none known; methane and 
water frost detected; possible 
nitrogen ice and/or liquid; 
dark reddish color expected 
due to methane polymerization 


4 sparse but comp 


53,200; 49,000 to 


Appointment with Neptune 


Best Information 
before Voyager 2 Voyager 2 Encounter 
Encounter 
200 miles (300 kilometers} 210 miles (340 kilometers} 
(highly uncertain) 
negligible negligible 
2 (highly uncertain) about 2 
unknown ‘unknown 
none none 
ce features none known none resolvable 
Satellites 
perhaps 1 6 


jately after the son of Poseidon (Neptune), god of the sea. He and 
hers, the tritons, had the upper bodies of men and the lower bo- 
iof fish—the male version of mermaids. 
‘second satellite of Neptune was not discovered for more than a cen- 
-It was found in 1949 by Gerard P. Kuiper. Thought to be less than 
) miles (about 300 kilometers) in diameter, this small moon was named 
eid after the sea nymphs who served as attendants for Poseidon. 
prior to Voyager's visit, Neptune was only known to have two moons. 
wer was expected to change that. It tripled the number of moons 
n at Uranus. Neptune's greater distance made the detection of 
smaller than 150 miles (250 kilometers) very difficult from Earth 
ground-based telescopes. And it was hard to explain Neptune's arc 
without invoking at least one shepherd moon of respectable size. 
was a feeling that surprises might bein store. What they lacked 
mber, the moons of Neptune might make up in weirdness. 
iton, the larger and closer of Neptune's two moons, traveled around 
ina retrograde orbit—circling in the direction opposite to Nep- 
's orbit around the Sun and rotation on its axis. Triton was the only 
satellite in the solar system with this peculiarity. 
lereid was peculiar in its own way. It possessed the most eccentric 
it of any moon in the solar system, passing as close to Neptune as 
(000 miles (1.4 million kilometers), then swinging out to 6.0 million 
(97 million kilometers). 
like most other satellites, Triton and Nereid did not revolve around 
planet's equator but instead occupied substantially inclined orbits. 
se anomalies combined to suggest to most planetary astronomers 


(from 260 to 30 miles [420 to 50 
kilometers] in diameter] 
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that something catastrophic had happened to the satellite syst cal because the temperature range for nitrogen as a liquid is very 
tune. Perhaps the disruption and damage had been so gre Ps But what if Triton, son of the sea god Neptune, had such peculiar 
number of moons waiting to be discovered at Neptune wa s on its surface? 

only those required to hold the ring arc system in place. d Voyager 2 glimpse this landscape? Would the atmosphere of 

Triton was big—but exactly how big was uncertain. It n be transparent? Over the last few years the light variation from 
be about 2,200 miles (3,500 kilometers] in diameter. “asit rotated had virtually vanished. Scientists worried that as Triton 
made it considerably larger than Pluto and about the s ed its summer season, its atmosphere was becoming hazy. Still, 
Moon. Of the satellites in the solar system, Triton was ex s spectrometers and the analysis of its radio signals passing 
between fifth and seventh in size, behind Jupiter's Ganymed sh the atmosphere of Triton were expected to provide conclusive 
Titan, Jupiter's Callisto and Io, and perhaps behind tion about the gases that blanketed this moon. 

Jupiter's Europa. Even if Triton had a larger diameter than 's atmosphere was transparent, Voyager 2 hoped to see a moon 
it probably had less mass because our Moon was denser orisal Jupiter's Io, Saturn's Titan, and Uranus’ Miranda in spectacle and 

Of all the 54 satellites in the solar system known at tery. Triton must have led a remarkable life. It was the only large 
two—Triton and Titan—possessed permanent atmosp on in the solar system to revolve in a retrograde direction. Triton must 
studies of Triton by Dale P. Cruikshank and Peter Silv ‘undergone a major gravitational ordeal after it formed. Perhaps 
tified methane ice on Triton's surface. That led to the vager 2 would see Triton's history written on its surface features. 
Triton must possess an atmosphere. It was not possible ic on August 24, 1989, Voyager 2 passed closer to Neptune than it 
methane gas from methane ice in the spectrum, yet at Jupiter, Saturn, Uranus, or any of their moons or rings—only about 
of Triton [estimated at —360*F; 55°K), there had to be enou miles (4,900 kilometers) above its cloud tops as it skimmed over 
tion of methane ice to provide Triton with at least a very nes north pole! and headed on for Triton and then the stars. 

Cruikshank and his colleagues also discovered on Tri! 2 had completed its Grand Tour of all four giant planets in our 
of molecular nitrogen (N,). Much of it also would lie 
surface, but enough would be vaporizing to give Triton 
sphere, with perhaps one-tenth the surface pressure of th 

Thus the atmosphere of Triton was pictured as very si 
the Voyagers found at Titan: a gaseous blanket dominate 
with a trace of methane. Ultraviolet wavelengths of su 
bardment by charged particles in Neptune's magnetosphet 
methane in Triton's atmosphere to polymerize into smo 
Titan. But Triton's atmosphere was so much less dense 
the smog might perhaps have dropped out of the sky, leat 
dish sludge of organic chemicals on the surface on Trit 
smog in the atmosphere. 

The colder temperatures at Triton might indeed produce: 
scape. In identifying methane ice on its surface, Cruikshank 
noticed that as Triton rotated in a six-day period, the 
as to indicate that the methane ice did not cover everythit 
envisioned the methane ice to be distributed in continen 
between which water ice, rock, soil—and nitrogen—were 
expected temperature range on Triton might allow the n 
frozen or liquid. Cruikshank suggested that Triton might b 
shallow lakes, a few feet deep, of liquid nitrogen. Some a 


CHAPTER 1 T 


The Journey 
Beyond 


162 


Voyagers to the Stars 


163 


Voyagers to 
the Stars 


"This is a present from a small distant world . . . We are 
attempting to survive our time so we may live into you 
We hope someday, having solved the problems we 

Join a community of galactic civilizations. This record 
represents our hope and our determination, and oui 
will in a vast and awesome universe. y 
From President Jimmy Carter's message to extraterrestrial civilization 
the Voyager spacecraft record (1977) 


Voyager 2's Grand Tour of the outer planets must end 

1989. To obtain a gravity assist from Neptune so that Voya [To Vernal Equinox 

on to Pluto would require the spacecraft to fly within 3,100m | 

kilometers] of the center of Neptune. Since the radius of Nep 

miles (24,800 kilometers}, this extension of the mission 

But Voyager 2's mission will not end with the Neptune en À 

Voyager 1 and Voyager 2 received enough energy from grav y yet the comets of the Oort Cloud are held to the solar system 

at Jupiter to escape from the solar system. Their subsequ Sun's gravity. For Voyager 1 and Voyager 2, leaving the solar system. 

encounters have been along trajectories that will permit ‘a threshold that lies far in the future. 

the gravitational bonds of the Sun and send them out of our so there is a boundary that both Voyager craft may survive to mark. 

on an endless glide through interstellar space. Voyagers are sailing outward with the solar wind at their backs—a 
of electrons and protons from the Sun racing past them. Near the 
the solar wind regularly blows at a million miles per hour (500 

But crossing the orbit of Neptune or Pluto does not place Per second). But somewhere, well beyond Neptune, the speed 

beyond the solar system. Beyond the outermost plant solar wind falters as the outbound particles are confined by the 

Cloud, a reservoir of trillions of comets, extending halfway! ure of the interstellar gas and magnetic field through which the solar 

star. Its outer boundary is perhaps 7,000 times the di: ee swims. 


Tlight paths of the 
Pioneer and Voyager 
spacecraft among the 
giant planets 
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This bubble of confinement is the heliopause—effectiy 
the Sun's far outer atmosphere’ —the point where the er 
less that of the Sun than of the combined outpourings 
stars in the Milky Way Galaxy. It is an important threshold 
wend their way toward the stars. 

The location of the heliopause—its distance from the Sı 
No spacecraft escaping from our solar system has yet re: 
dary. Only four spacecraft are outbound with escape 
beginning of 1988, Pioneer 10 was about 42 astronomical 
Sun, Pioncer 11 was 24, Voyager 1 was 31, and Voyager. 
both Voyagers are already farther from the Sun than 
reached Saturn via gravitational assist from Jupiter by PIONEER 10 
across the solar system than directly outward. Voyager 1; E. 

Pioneer 10 in distance in 1998. Voyager 2 will over! 
20162 

Pioneer 10 is leaving our solar system in a direction n 
to the Sun's motion among the stars. The distance 
upstream (in the direction the Sun is moving) is expect 
than the distance downstream because the speed of 
upstream direction causes the pressure of the interste! 
greater, pushing the heliopause inward. Therefore, Pio 
downstream, may have farther to travel to reach theh 
other craft. 
The distance to the heliopause must also be somewhat: 
of the changeable output of the Sun. Faster solar 
heliopause outward, while periods of slower-moving 


[Poverna camen 


The top diagram on the facing page shows the flight p 

Voyager and Pioneer spacecraft as they leave the realm 

as viewed from north of the solar system. The bottom d à 

the Voyager and Pioneer trajectories from the side, 20 d 1year 
the plane of the solar system, viewed from the vernal S 
of each spacecraft's trajectory marks its position in the year. 
Here are the directions (based on the ecliptic) that the 

headed and their asymptotic speeds. 


PIONEER 10 


Asymptotic Speed Celestial 


Spacecraft _ (astronomical units per year) — Latitude. 
Pioneer 10 2.584 2.9099. 
Pioneer 11 2214 12.5960. 


Voyager 1 3.501 35.5490 — VOYAGER 2 
Voyager 2 3.586 -47.4550 
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NASA's Pioneer 10 and 
11 and Voyager 1 and 2 
spacecraft are headed 
out of the solar system. 
Artist Don Davis por- 
trays Pioneer 10, at pre- 
sent the most distant 
craft, moving outward 
from the Sun (the 
brightest star visible) 
and away from the 
heart of our Milky Way 
galaxy. 

MASA Ames Research 
Center 


heliopause to contract. Solar scientists think that the helioy 
a distance of 100 to 200 astronomical units—100 to 200 times 
distance from the Sun. Neptune orbits at a distance of 30a 
units. 
Voyager 1 and Voyager 2, increasing their distance from 
about 3.5 astronomical units per year, could arrive at the heliopa 
early as about 2010. Both craft should continue to have enough 
power from their nuclear generators for radio transmission 
fuel for their thrusters to keep their antennae turned toward Ear 
about 2010 or 2015. If the heliopause lies at about 100 astronomica 
from the Sun, the Voyagers may tell us where. Beyond that 
Voyagers will continue outward, but they will be mute and 
Yet even at the heliopause, the Voyagers' journey of dep 
the solar system will scarcely have begun. Beyond them will 
cloud of comets, no less members of the Sun's family than 
The Oort Cloud may begin as close to the Sun as 50 astronon 
and extend as far as 135,000, halfway to the nearest star. 
the Voyagers are separating themselves from the Sun at about I 
per second (16 kilometers per second), it will be 40,000 years 
are beyond the Oort Cloud and have truly crossed the bound 
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yellar space. Forty thousand years is about the period of time that 
feperates us from Neanderthal Man. 


iis Grand Tour of the giant planets, Voyager 2 was traveling near the 
plane of the solar system. But at Neptune, Voyager 2 passed low over 
ferlanet's north pole, and its course was bent southward to encounter 
fion. So Voyager 2 will be headed out of our solar system on a southerly 
ute. It is pointed toward a rather drab region of the sky in the con- 
gellation Pavo, the Peacock. To see that part of the heavens, we must 
ein the southernmost United States or farther south. 

Ye, ironically, Voyager 2's first reasonably close stellar encounter will 
fot be with any of the stars in the far southern sky but with a star now 
[peated in the northern constellation Andromeda, the Princess. That star, 
down only by its catalog designation of Ross 248, is a small cool red 
Sar with only about one-fifth the mass of our Sun. Find the Great Square 
of Pegasus and look north one length of the Square—and you will not 
seo Ross 248. With a magnitude of +12.3, it is about 200 times too faint 
jor human eye visibility. 

Even though Voyager 2 will be traveling south and Ross 248 is located 
inthe north, the two are moving toward one another. While Voyager 2 
consuming 40,000 years in its transit through the Oort Cloud, all the 
siarsin the sky are moving in different directions. The constellations are 
gradually changing shape beyond recognition. Some of the stars are com- 
ing toward us faster than our spacecraft are going to meet them—almost 
asif they are coming to fetch the Voyagers. 

Ross 248 is currently 10.3 light-years away, but while Voyager 2 rushes 
outward at 33,000 miles per hour (14.8 kilometers per second}, Ross 
248 is approaching our system at more than five times that speed. No 
sooner will Voyager 2 emerge from the Oort Cloud than, 40,176 years 
from now, it will encounter Ross 248, passing at a distance of 1.7 light- 
years, closer to Voyager than to any subsequent star known. Ross 248 
will pass the outskirts of our solar system 3.25 light-years from our Sun, 
%percent closer than our nearest stellar neighbors, the three stars of 
Alpha Centauri, are to us now. Yet even when Ross 248 reaches that close 
Tange, it will be four times too faint for people on Earth to see without 
telescope. 

Still, its passage may eventually be seen and even felt indirectly as its 
Mavity warps the orbits of millions of comets and redirects some of them 
inward toward the Sun where they will provide brilliant displays in the 
Skies of Earth and perhaps even impacts on our planet. 
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Voyager 1 and 
the Stars 


A Message 
from Earth 


The same kind of stellar encounter awaits Voyager 1, Voyager 1 and Voyager 
traveling toward a very different part of the sky. It is poi cera prie 
tion of Rasalhague, the brightest star in the constellation sounda and pictures of 
Serpent Bearer, But the star headed for a rendezvous w : Earth on a phonograph 
AC+79 3888. This star, with no name other than its record to show a 
currently to be found in the faint constellation Camel ~ civilization that may 
Giraffe. This region of the sky is visible all night long to Ana the spacecraty 
ii i : what life on our planet 

north of the Tropic of Cancer. AC+79 3888 is just a short d A IEE ANE 
Polaris, the North Star, and halfway between the bowl of the i " clan is mounting the 
and the W of Cassiopeia. AC+79 3888 is slightly larger an j interstellar message on 
Ross 248, but it too is a small cool red star with only on Voyager 2. 
mass of our Sun. At its present distance of 16.6 light-yé TAM. 
is an 11th-magnitude star, nearly a hundred times too faint. 
eye to see. F 

While Voyager 1 is moving outward at 37,000 miles 
kilometers per second}, AC+79 3888 will be traveling 
system at seven times that speed. In 40,272 years, at the 
Voyager 2 will be scurrying by Ross 248 more than a q 
around the sky, Voyager 1 will be only a little more than 
from AC +79 3888, and AC+79 3888 will be just 3 light re so widely separated that there is a vanishingly small 
Sunc Bven so, AC-+79 3888 will still be two times EE i pe of the Vejagars will hit or come very close to a star 
on Earth to see without a telescope. Bie billion years 

‘iil, just on the outside chance that some civilization deep in space 
" mayretrieve a Voyager, each craft is equipped with a special record that 
dives its finders pictures and sounds from the planet Earth. 

The message was designed for NASA by Carl Sagan, Frank Drake, Ann 
Druyan, Timothy Ferris, Jon Lomberg, and Linda Salzman Sagan. At- 
“ached to the side of each Voyager is a gold-coated two-sided copper 
: ph record, complete with enclosed stylus and cartridge and with 
Yet even with a family of planets, it is very unlikely that Re "structions etched on its aluminum cover. The record should last a billion 
AC+79 3888 provide the right environment for life to exi "years. On it are greetings in 55 different human languages and one whale 
are much smaller than our Sun. They emit so little heat that a plé "language; the sounds of Earth—from thunder to frogs to a newborn baby; 
have to be at precisely the correct distance with an almost. minutes of music from around the world; and, encoded as vibrations, 
cular orbit to stay in a habitable zone. Worse still, that pla E pictures of our planet and ourselves. 
so close to its star that it would be tidally coupled to it, For the beings that find a Voyager along its endless journey, the 
are to their nearby planets, so that one side of the planet NO ‘spacecraft will have found a new and eloquent voice—no longer telling 
constant sunlight while the other side would freeze in const dis home planet about other worlds but now telling other beings of its 
Most scientists do not expect life to exist in the solar s "trigin and the people who sent it outward 
mass red dwarf star. 

Even if both these stars illuminate planets populated by 
spacefaring beings, it would be extremely unlikely that they 
a tiny silent spacecraft passing beyond the fringe of their co 


Quite by accident, both of these first star encounters b 
are with single stars like our Sun—a minority in space, wh 
have one or more gravitationally bound companions. They: 
planetary systems, since we think the process that starts the 
of stars is identical to the process of planet formation. 
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The Smalle 
Planet 


“One cannot help but wonder whether this remarkable 
pair (Neptune and Pluto} holds any further surprises.” 
Astronomer James G. Williams 

a971) 


Pluto was hard to find. Of the few who sought to locate a tra 
planet, most justified their efforts by what seemed to then 
but real irregularities in the motion of Uranus even after 
tions of Neptune were accounted for. Pluto was finally dis 
culminating a series of searches that began in 1905. But ey 
discovery, Pluto, like its mythological namesake, was a s 

if not downright antisocial. The planet revealed almost 
astronomers. 


with any accuracy at all. The planet revealed no surface feat 


dimness of the planet and the inability of existing teles 
disk meant that, unless Pluto was absurdly dense, it was 
be the planet that Lowell and Pickering had predicted. I 
not have measurably disturbed the motion of Uranus. 
When it was discovered, Pluto was thought to be about the! 
Astelescopes grew and techniques improved, the planet s 
always small enough to avoid precise measurement. It 
be three-quarters our size, then half. In 1950, Gerard P. 
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Fluto wanders in front of two galaxies. In the picture on the left (Oc- 
ober 28. 1970), Pluto is the starlike object at the top of the galaxy on 
the right. One day later (picture on right), Pluto has moved to a posi- 
tion where it appears between the two galaxies. James Gunn took the 
raph on the left with the 48-inch Schmidt Telescope at the 
Palomar Observatory. The photo on the right was taken by Karen and 
Richard Hackney and Alex G. Smith with the 30-inch telescope at the 
‘Rosemary Hill Observatory, University of Florida. 
{left falomar Observatory photograph by James Gunn: (right) Courtesy of Karen 
Wackney, Richard rtackney, and Alex G. Smith 


measure Pluto's disk with the newly operational 200-inch telescope on 
falomar Mountain and concluded that Pluto was less than 3,500 miles 
5,200 kilometers) in diameter. 

1n 1955, Merle F. Walker and Robert Hardie at the Lowell Observatory 
Hentified fluctuations in the light from Pluto recurring over a period of 
E days. They interpreted this (correctly) as the rotation period of. 

to? 

Then, in 1976, astronomers* used spectroscopy to identify frozen 
methane on Pluto's surface, and estimates of the planet's size plunged 
‘gain, Until that time it had been thought that Pluto was a dark-colored 
‘bject with low reflectivity like our Moon or Mars or the asteroids. But 
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with methane ice on its surface, Pluto was now thought 
reflective body. If Pluto was reflecting 40 to 50 percer 
received yet still was very dim, it had to be even smaller 
ly estimated, or more light would have reached the E 
smaller than Mercury. It had fallen to last place in size am “Yor nearly half a century after its discovery, Pluto had shrunk from 
in our solar system. Pluto was probably smaller be aw and defied efforts of familiarity. But gradually, hardworking 


sphere is precarious. If it were a little colder, Pluto's atmosphere 
freeze to the planet's surface. A little warmer and virtually all of 


for attention. Pluto turned out to be something of an exhibitionist. 


ane is frozen but is steadily vaporizing to supply Pluto | 
sphere. A temperature change of just a few degrees cha crucial breakthrough in Pluto research came on June 22, 1978, when 
vaporization and the amount of atmosphere greatly. 1 W. Christy was examining photographs of Pluto he had requested. 
methane makes it certain that Pluto has a tenuous at e hey had been taken as part of an ongoing effort by the U.S. Naval Obser- 
but it is very hard spectroscopically to distinguish to establish a more accurate orbit for the planet? Pluto had been 
methane ice. aphed by Anthony V. Hewitt on three different dates using the 
On June 9, 1988, Pluto edged in front of a star, the first con nch (1.55-meter} Astrometric Reflector at the Naval Observatory's 
occultation for tiny Pluto since it was discovered. The i aff (Arizona) Station. There were two plates for each date and three 
and returned gradually rather than blinking out and then ges of Pluto on each plate. They did not look very promising. The 
denly, indicating that Pluto is surrounded by a p had been marked "poor" because the image of Pluto appeared 
i sbe defective. It was elongated. It would be hard to get measurements 
Plutos precise position from a dot that had been elongated asym- 
E ically as if the image had been smeared when the telescope failed 
The gravity of Pluto can't hold much. otrack it properly as the Earth turned during the 1.5-minute exposure. 
Still, it is surprising that a planet of such small si; But then Christy noticed that the stars around Pluto were not clongated. 
gravity—can retain any atmosphere at all. The atmospl looked again at the elongations of the Pluto image. The bulge had 
nottightly bound to Pluto. The methane gas must bed inged position. On the April 13 and 20 plates the elongation was to 
gradually as solar energy, weak as it is at Pluto, accelerates s south. On May 12, the elongation was to the north. Christy toyed 
molecules to Pluto's escape velocity—a mere 2,700 s pe vith the idea that Pluto had a moon, but he remained skeptical. He 
kilometers per second). If methane moleculesat the top: cussed his findings with his colleagues, looking for other explanations, 
sphere are traveling outward and do not collide with oth none seemed to fit. 
they are lost. To keep Pluto supplied with its present meth "The next day, Christy examined the 50 earlier U.S. Naval Observatory 
since the beginning of the solar system, the planet es of Pluto taken in 1965, 1970, and 1971. Two plates from 1965 
a global coating of methane ice at least 2 miles (3 kilo: owed the bulge. But most interesting were five plates taken during one 
skimpy as Pluto's atmosphere is, astronomers think it in 1970. They showed the elongation progressing clockwise around 
thicker now than usual, as Pluto makes its closest approach in a 6-day period, about the same as Pluto's rotational cycle." 
and the warming temperatures vaporize more methane Christy sought out his colleague Robert S. Harrington. "Bob," said Christy, 
a few years of the planet's 248-year circuit of the Sun, Pluto ; 
may lie frozen on the ground. Christy measured the elongation angles carefully so that Harrington 
Measurements following perihelion may indicate whethe uld attempt a calculation of the orbit of the satellite. He began with 
atmosphere of Pluto is transient. Certainly Pluto's Pesssumption that the moon's period of revolution was exactly the same 
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MOMENT OF PERCEPTION 
8 dames W. Christy 


an apparently insignificant detail on a small 
per of astronomical images came a bonanza of 
‘entific revelations. Pluto, a mystery for 48 years, 
a well-understood planetary system within 
ofa few days. How did this happen? Why 
AP paron not seen earlier by the thousands of 
M nomers who studied Pluto? 
"The elongation on the images of Pluto that was 
was minute and hidden from perception 
jymany effects: elongation due to the orbital mo- 
fon of Pluto during exposure, elongation from 
ise tracking of the telescope during ex- 
gesure expansion of the image of Pluto due to poor 
seeing" through the atmosphere, distortion of the 
‘gage from imperfect telescope optics, and distor- 
dons from uneven distribution of photographic 
lins. 
The elongation on the images of Pluto was also 
jidden by the bias in the minds of most astro- 
mers, including myself, that moons did not ex- 
‘that close to planets and, because many attempts 
find a moon of Pluto had failed, that Pluto did 
anthave a moon. Many of us had even been taught 
‘tat. Thus, even though I had seen several ex- 
gesures of Pluto with significant elongation, my 
Bind was not yet open to discovery. 

From the day that Pluto was discovered in 1930, 
‘stronomers had hoped to find a moon of the planet 
‘ad thus calculate its mass. They made stronger ex- 
‘psures and Pluto's image overwhelmed that of 
Charon. They made underexposures in which the 
dnageof Pluto's companion was undetectable. Also, 

- Hiuto was at opposition (closest to Earth) in mid- 
inter through most of the period. During winter, 
“ost observatories suffer from poorer "seeing" 
(&náitions and optical distortions, both due to ther- 
‘Bal gradients in and around the telescopes. Pluto's 
ital motion has caused opposition to slowly 
Migrate until, at present, it occurs in the spring. 
"The discovery exposures of Charon were made 
far from opposition in late spring near 
lit end of the observing season for Pluto. Better 


In 1978, James W. Christy noticed that there was a bulge in; 
magnified image of Pluto (left). He noticed that only Pluto, 
background stars (such as one shown to the right), exhibited | 
distortion. He found elongated images of Pluto on earlier U.S 
Observatory photographs. His conclusion: Pluto has a moon; 
posed the name Charon. 

Official U.S. Naval Observatory photograph 


as Pluto's period of rotation. Using a pocket calculator at 
computed the satellite's probable orbit and compared it to: 
tions that Christy had measured on the photographs. 
predicted positions fit the image bulges almost perfectly. " 
fun," said Harrington. 
Pluto had a moon. It proved to be the largest satellite to bed 
since Neptune's moon Triton was found in 1846. No 
rington computed the moon's orbit than he used its orbit 
mass of the Pluto-satellite system. He also noted that Pluto: 
were gravitationally bound together in a unique way. Moons 
revolve around their planets in the same period of time as 
once, so that they always keep the same face pointed at 
Unlike any other planet, Pluto also rotates once for every 
its moon, so Pluto keeps the same face pointed back at it 


James W. Christy, discoverer of Charon, at 
the US. Naval Observatory's Starscan 
equipment, with which he determined that 
the bulge in Pluto was a moon. 

Courtesy of James W. Christy 


seeing conditions occur then in Flagstaff. The ex- 
posures were made with a telescope of high optical 
quality and low thermal coefficient optics. The ex- 
posure times just happened to be exactly right for 
detection of the elongation of the image, which was 
Charon. 

When 1 first saw these exposures on June 22, 
1978, I was looking with the mind and eyes of an 
astronomer who had examined roughly 50,000 im- 
ages in recent years. Many of these images had 
been of double stars exposed in the course of the 
US. Naval Observatory's extensive double-star pro- 
gram. I had seen dual images blended together in 
all possible circumstances by all combinations of 
image distortions. My mind was now attuned to 
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two celestial bodies disguised as one. Now I could 
think: Pluto has a moon. 

In our plate collection, I found elongations of 
Pluto's images on three nights in the spring of 1978, 
on five nights in one week during 1970, and on two 
nights in 1965. The 1965 plate envelope had been 
clearly marked by the observer, “Pluto image 
elongated." I myself had seen that plate many 
times, but I had rejected the implication. Each of 
these nine nights revealed an elongation in a 
specific direction. 

From ten apparently insignificant image distor- 
tions and two days of study came a cascade of 
revelations: 


1. In the 1978 exposures, one night showed 
an elongation to the south; another, about 
a month later, to the north. Hypothesi 
Pluto had a moon orbiting north-south. 
Strange—almost all other moons in the 
solar system move in an east-west plane. 
But no proof of anew moon yet. 

. In the 1970 exposures, five elongations in 

one week and the elongations progressed 

completely around Pluto. Conclusion: 

Pluto has a moon with a probable orbital 

period of six days. 

But astronomers had previously deter- 

mined a light variation of Pluto (presum- 

ably its rotation period) of precisely 6.3867 

days. Hypothesis: The orbital period of the 

moon is exactly 6.3867 days. 

4, Eureka! The two 1965 elongations, the five 

1970 elongations, and the three 1978 

clongations are at angles in exact agree- 

ment with the 6.3867 day period, accord- 
ing to calculations by Bob Harrington. 

How can we get so much from such trivial 

elongations? But the avalanche of conclu- 

sions continues. 

The orbit is north-south with Charon on- 

ly six Pluto diameters distance from the 

planet. Harrington concludes that both 
bodies are tidally locked. This is also evi- 


S 


e 


a 


dent from the coincid 
curve and the orbital 
pole of rotation is on its s 
of the solar system. Mo 

. Harrington calculates 
Charon from the orbital 
distance, He gets less th 


have have caused perturl 
bits of Neptune and Ura 

. Because a cold planet's dé 
too low, the small mass 
small diameter for Pluto, 
3,000 kilometers, we 
Charon's brightnessis abo 
Pluto's. Conclusion: Ch 
more than a third of Pluto’ 
largest moon in the solar 
to its planet and the 
covered since 1846. 

. During the time betwe 
1978 elongations, Pluto’ 
around the Sun should: 


elongations were exte 
west than those in 1978. 
bital solution by Bob Ha 
that Charon's orbit was a 


on at the time of Pluto's discoy 
and has been closing to the 


since then. Conclusion: 


Charon will commence soon, 
this can occur only once ever) 


Thus within a week of Charon's d 
were roughly a dozen major c 
concerning the true nature of Plu 
conclusions have been verified. 
years. 

What had been a prolonged my 
ly and totally unveiled by ten. 
distortions. By amazing coin 
elongations were ideally placed i 
tific logic to yield correct conch 
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discoverer of Pluto's satellite, it fell to Christy to suggest a name. 
nted to honor his wife Charlene—"'Char" to her family. So he pro- 
ihe name Charon, the boatman in Greek mythology who ferries 
«of the dead across the River Styx to Pluto's realm in Hades.’ 
was ideal: Charon as a sentinel for Pluto. It fit well with the 
of Pluto and the tradition of naming planets and moonsafter Roman 
Greek mythological figures, 4 
(he name Charon accidentally led to a problem with pronuncia- 
Christy had anticipated that Charon would be pronounced like 
^ jn Charlene. But the standard Greek and Latin pronunciation 
is the same as the name Karen." 


fiscovery that Pluto had a moon was not just fodder for trivia games 
n excuse to revise textbooks. The existence of a satellite for Pluto 
sly increased what could be known about Pluto from Earth-based 


ations. 


"qo begin with, a satellite held in orbit by Pluto's gravity meant that 


ts for the first time could calculate with some confidence the mass 
Pluto-Charon system." Charon lay at a distance of 12,400 miles 
80 kilometers) from Pluto and circled with a period of 6.39 days. 
om these figures, the mass of Pluto could be reasonably estimated. It 
take about 450 Plutos to equal the mass of the Earth. Even our 

is five and a half times more massive than Pluto. 

"Compared to Pluto, Charon was surprisingly large. Previously, the Earth 
the honors for having the largest satellite in proportion to its size, 
Moon was more than one-quarter the diameter of Earth and one- 

first its mass. No other planet-satellite pair came close to such 
in size. Earthlings talked proudly of their unique twin-planet 
tem—until Charon's discovery. With an estimated diameter of 777 
(1,250 kilometers) compared to Pluto's 1,457 miles (2,345 kilo- 
ts), Charon is more than half the diameter of Pluto and probably 

las about 15 percent its mass. 

lowell and Pickering had embarked upon their searches for a trans- 

ptunian planet because they thought they had detected its perturba- 

in the motion of Uranus. They had used those irregularities (Picker- 
used what he thought were Neptune perturbations also) to predict 
existence of a ninth planet. Driven by this work, Pluto was found, 
its small size worried astronomers that its gravity was too weak to 
isedetectable perturbations in the motion of Uranus or Neptune. Yet 


of a Moon 
for Pluto 


Significance 
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almost no one had anticipated that Pluto had so little mass: 
from 3 billion miles (5 billion kilometers) away would ex 
gravitational force on Neptune than did Pluto, even if Plut 
tune could be where their orbits lie closest together. W] 
oddities in the motion of Uranus and Neptune were real 
rors of measurement, it was now absolutely certain that Ph 
possibly be responsible. Its gravity was far too weak. 

But Charon did far more than reveal the mass of Pluto. 
was found, no one knew how Pluto's axis was tipped to itspla 
tion." Did Pluto "stand" nearly vertically on its axis as 
around the Sun like seven of the planets, or did it lie o 
Uranus? Charon, the bulge in the fuzzy image of Pluto, 
nately to the north and then to the south. If Charon was ort 
to the plane of Pluto's equator as almost all moons in the 
do, that meant that Pluto must have its equator tipped 
as seen from Earth. For Charon to revolve precisely once 
in the same period as Pluto spins once on its axis indicate 


to lie near the plane of its orbit. Pluto, like Uranus, lies on its 


orbits the Sun. 

The orientation of Charon’s orbit also led to a likely e 
Pluto was not brightening as fast as expected as it apy 
The closer it is to the Sun, the more light Pluto receive 
its angular disk is to reflect sunlight. Pluto should have 
siderably between 1950 and 1987. It did brighten, but al 
less than expected. 

When Charon was discovered, its motion around Pluto sl 
Pluto was tipped on its side as it revolved around the Sun. 
perspective on Charon's orbit at the time of its discovery 
that when the ninth planet was discovered in 1930, Tombai 
been viewing the region around Pluto's south pole 

In the late 1980s, with the gradual change of seasons, 
is facing the Sun and Earth. The failure of Pluto to bright 
expected is thought to be due primarily to this change in 
If the poles of Pluto are covered with ice and highly re 
the equator is much darker (perhaps in part because it is. 
vertical sunlight as Pluto comes closest to the Sun and has st 
vaporization of ices to expose regions of dark surfacen 
shift from viewing a bright polar ice cap to a less reflective 
explain why Pluto is dimmer than expected. 

The orientation of Charon's orbit also alerted astronon 
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ity that was about to open whereby Pluto and Charon would 
details on their surfaces. It was a priceless accident of timing. Pluto 

o small and distant from Earth that, even when itis closest to the Sun, 
scarcely more than 0.1 arc second across, the size of a baseball seen 
100 miles (160 kilometers) away—too small for its disk to be 
ed directly from the surface of the Earth through the turbulence 
atmosphere. And Charon is smaller still. How is it possible to chart 
y detail at all on two worlds when their disks are not discernible? 


i rtunity lay in a series of eclipses. When Charon was discovered 
1978, the south pole of Pluto was pointed forward in its direction of 
and a little bit sunward, just enough so that Charon circled Pluto 
hout passing across the surface of Pluto or passing behind Pluto as 
en from Earth. But Pluto's poles were pointed toward specific points 
(the star field. So, as Pluto slowly revolved around the Sun, observers 
Earth would look directly first at one pole of Pluto, then its equator, 
on the other pole, then its equator again—over a period of 248 years. 
orientation of Pluto and the orbit of Charon indicated that within 
years Pluto would arrive at a position in its orbit where, as seen 
Barth, the orbit of Charon would be nearly edge on to Earth and 
on would be transiting across the face of Pluto and then vanishing 
Pluto in the course ofits 6.39-day orbital journey. Those eclipses, 
hed for by astronomers since 1979, were finally detected in 1985. 
results were immediate and dramatic. 


Eclipses 
end eclipses ^ begin discovered. 


Shadow Dance 


Eclipse season for Pluto 
and Charon. As Fluto 
moves around the Sun, 
we see Charor's orbit 
around Pluto from 
gradually changing 
angles. Twice in every 
248-year revolution of 
Pluto, the orbit of 
Charon is edge on to 
Earth. During this 
5-year period, Pluto and 
Charon take turns 
eclipsing one another. 
In the course of each 
6.4-day revolution of 
Charon around Pluto, 
first Charon passes in 
front of Pluto, blocking 
part of it from view, 
then Charon moves 
behind Pluto and is oc- 
culted. Because of the 
information about Pluto 
and Charon that these 
eclipses provide, it is 
very fortunate that 
Charon was discovered 
in 1976 rather than in 
1990. 
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Astronomers carefully measured the amount of light c 
Pluto-Charon system. The two are brightest when they 
to the line of sight—neither blocking the light of nor ca 
on the other. When Charon is in transit across the face of P 
bined light of the planet-moon system declines by about 40 p 
0.55 magnitude] as Charon blocks part of the reflective sui 
from view. As Charon emerges from transit, the brightness 
Charon is again at a maximum. Then Charon ducks b 


magnitude). 
The occultation of Charon by Pluto does not subtract 
as much reflected light as when Charon stands in front of P 
a portion from view. Thus Charon must be darker and less 
Pluto. Pluto reflects perhaps 46 percent of the light it recei 
Sun; Charon only about 34 percent. 
But the gleanings from Pluto-Charon eclipses are far gr 
approximation of comparative reflectivity. Previously, no; 
the surface of Pluto could be resolved by telescope. The 
on Pluto known to exist were the undefined surface od 
Pluto's brightness to vary over its rotation cycle of 6.39 
In 1984, Marc W. Buie and Robert Marcialis, working 
developed computer models of surface features on Pluto th 
approximate the fluctuations in the planet's 6.39-day 
ing the discoveries of methane ice on Pluto and the d 
Pluto's equator was oriented more and more toward ; 
tists envisioned Pluto with extensive polar caps and a darker ¢ 
belt. Both also hypothesized that Pluto had two large 
Marcialis used two dark spots in his model; Buie used 
dark spot and a smaller bright spot. Which, if either, wai 
In the series of eclipses between Charon and Pluto, 
Charon across the face of Pluto blocked different terrain 
the eclipse season began in 1985, our line of sight caused us 
moving across the north polar region of Pluto. In 1988, m 
the eclipse season, Charon was transiting along Pluto's 
eclipse season ends in 1990, our view will show Charon ci 
Pluto's south polar region. In the course of the eclipse cycle; 
have systematically blocked from view the entire 
hemisphere of Pluto. Gradually emerging as the eclipses 
rough map of Pluto's surface in terms of light and dark fe 


Pluto is so tiny and dis- 
tant that telescopes on 
Earth cannot dis- 
tinguish its disk; thus 
no surface features may 
be discerned on it. But 
based on light varia- 
tions as Pluto spins on 
its axis In 6.4 days and 
as it revolves around 
the Sun, Marc W. Buie 
created a computer 
model of the surface of 
Pluto that shows bright 
polar ice caps, a darker 
‘equatorial belt, and two 
‘equatorial spots: one 
bright and the other 
very large and dark. 
Here Buie shows the 
rotation of Pluto bring- 
ing the light and dark quired approximately 
spots into view. Pluto four hours. 


lies on its side as it © Courtesy of Marc W. Buie, 


Using his computer 
model of Pluto, Marc W. 
Buie illustrates the 
March 19, 1987, transit 
of Charon across the 
face of Pluto. Pluto's 
south pole is to the 
left. Notice how large 
Charon is compared to 
Pluto and that Charon 
is darker in color. The 
amount by which the 
transit of Charon and 
its shadow reduce the 
light from Pluto tells 
astronomers how light 
or dark the eclipsed 
surface of Pluto is and 
allows a rough map to 
be drawn. The transit 
event shown here re- 


revolves around the UH/SDSC 
Sun. Its south pole is to 
the left. The 
hemisphere of Pluto 
with no spots is the one 
that always faces 
toward Charon. The pre- 
sent series of eclipses 
between Pluto and 
Charon should deter- 
mine whether Buie’s 
model is correct. 


Courtesy of Marc W. Buie, 
Urt/sDsc 


the gradations in tone favor the Buie two-spot model. the spots is quite dark and has a width of 500 miles (800 kilometers), 
"The smaller of the two spots in Buie's model—perhaps More than a third the diameter of Pluto. The bright polar caps and 
kilometers) in diameter—is as reflective as the polar caps. Equatorial bright spot are interpreted as methane ice. The less reflec- 
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tive equatorial band may be a region partially covered with, 
with some exposed dark surface. The large dark equatorial 
be nearly ice-free terrain where the dark pitted surface of p 


jth Pluto near perihelion, temperatures on the planet are near a max- 
um where the Sun is highest in the sky, which just happens to be at 
tor. The temperatures are not exactly balmy—about 370° below 
S Fahrenheit (-223° Celsius). 
Pie have chosen to land at the equator because there is less frozen 
hane here, so that the surface of Pluto lies exposed. It is a sharp con- 
to the bright white polar caps. The equatorial region is, on the whole, 
to three times less reflective, with tones varying over large and small 
Our overall impression of color is neutral medium gray, much 
ier than the charcoal gray soil on Earth's Moon, but far off white. 
‘we look harder, some, maybe much, of Pluto's gray surface seems 
be just a tinge reddish brown, suggesting that the soil contains signifi- 
{quantities of carbon and carbon compounds, 

“Plato is certainly a battered world. Craters and debris are everywhere. 
from orbit should tell us whether the planet is saturated with 
ers and has changed little over the 4.6 billion years since the solar 
em began or whether it has erased some or many of its scars by sur- 
upheavals due to internal processes rather than passively enduring 
pounding from passing comets. If Pluto is little changed since 
formation of the solar system, it could tell us much about the cloud 

f gas and dust from which the Sun and planets formed. 
"Craters of all sizes dominate the landscape. The rubble littering the 
rren ground everywhere is debris from eons of impacts. The horizon 
hilly and uneven, with a suggestion of a couple of small flat-topped 
intains projecting over the horizon—probably the rims of large craters. 
xy be that our landing site is within an ancient large crater—it is hard 


Ifa spacecraft from Earth (call it Orpheus) one day plunges 
of Pluto, what will its instruments—or its passengers—; 
Here is some speculation. 
We have landed at the equator. The Sun shines b 
ing every star in the sky. But at Pluto we notice a 
is dim—like the dark overcast of a thunderstorm on Ea 
so distant that it is no longer a golden orb but now just a daz 
star in the heavens. For the first time, at the distance of 
Pluto, we can see the Sun for what it is—a star.!> We 


are still so distant that the Sun outshines the brightest of ther 
tor of 10 million. After all, if we were on our way from 
nearest star, reaching Pluto would be like a runner co 

15 feet (4.7 meters) of a marathon. The comparison b 

stars can be made directly because the stars can be 

the same time as the Sun. Pluto's atmosphere is so thin that ü 
no scattered light to obscure the stars. 

Here, with Pluto as close to the Sun as it can get, the Sun; 
times fainter than it appears on Earth. Still, the Sun shines. 
brightly on Pluto than the full Moon shines on Earth." W 
book in the sunlight on Pluto. But we must be careful not to 
on the page. The atmosphere on Pluto is so minimal that 
few gas molecules and too little dust to scatter the si 
shadows from being absolutely black. What the sunlight: 
see. Whatis in shadow disappears, unless Charon is visi 
enough phase to provide shadow-illuminating light. Cor 
are very stark, like the Apollo astronauts found on the 


visitors to Pluto: Don't step into shadows. It would be ere on Pluto, a 160-pound (73-kilogram) man weighs 8 pounds (3.6 
a crater we could not see. ` grams). On Earth, from a standing start, we could jump about a foot 
On our approach for landing on Pluto, we saw both of (03 meter] into the air. With a flexible lightweight spacesuit on Pluto, 
caps, extending well toward the equator. Infrared meast We could jump about 20 times as high. Garage jumping could become 
Earth indicated that Pluto was partially covered by frozen. pular sport. 
much of that methane ice now lies at the poles, where ‘will have to be careful not to venture too far from our lander without 
now falling most obliquely and warming the highly volatile ing device. Distance is hard to judge on a world where there are 
well. It was not possible to tell during our approach wh iar objects like houses to give a sense of scale and no haze to 
methane was a deep ice field or a thin coating of meth the horizon look distant. Besides, on a small world like Pluto, the 


step we take, we bounce high above the ground. We have seen 
apes of the Apollo astronauts bounding across the Moon in one- 
Earth gravity. Pluto's surface gravity is even weaker: less than one- 
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horizon not only looks sharp and nearby, it is truly 
wander just 2.5 miles (4 kilometers) from our spacecr 
standing on the ground there would lose sight of us below 
One of our crucial experiments here will be to drill a h 
pull out a core sample to see what lies below the surface, T] 
of water elsewhere in the outer solar system, including Ch 
modest density of Pluto point to water being a major. 


s pocked by other craters, We are surrounded by desola- 

: dh ira ed that it quickly stretches out of sight beyond 
BUS in frontof uo andto our sides. It must be primarily this dark 
that created the light variations from Pluto that first allowed the 
fits day to be measured at 6.4 Earth days. But if this basin was 
by impact, how could Pluto have survived the shock? At the very 


planet although is presence on Plot has ant of Er the impact would have ie such upheavals within Pluto that 
the spectrum of methane overwhelms the spectral bands of sar E e is correspond to the small bright spot and 
frozen water lie trapped below the surface? Perhaps much gem Buie's model, they are located on the side of Pluto 
upon which we are standing is water ice mixed with E away from Charon. We return to the side of Pluto where 
frosty patches. We bounce over for a closer look. (It's hard 
ing) It is a thin layer of methane frost in beautiful lar 
sublimation of methane from ice to gas provides Pluto with ; 
atmosphere. Some of the methane vaporizing here will 
poles and freeze on the ground there until the changi 
summer to the north pole in 2051. But by then, Pluto 
ther from the Sun and less methane will sublimate. P 
covered with methane ice throughout the planet's 
revolution. 

On our descent for landing, flying along Pluto's equa 
our continuing speculation) a large white feature, perhaps 
kilometers) across. It looked like a refugee from the pol 
we knew to watch for it. It was predicted by Buie's. 
Pluto, based on light variations as the planet rotates. 
cular shape of this intensely white spot suggests an 

it filled with ice welling up from below, like that bright cr 
Umbriel? Is it a young feature that has not yet had time 
exposure to sunlight and fast-traveling subatomic parti 


and stars? Why it should be so different from the surrout . One side of the satellite always faces the planet and the other 


is not obvious. : F 
leslways faces away while the planet rotates rapidly, so that the moon 
We hope to explore that equatorial bright spot later, B esu pes d ira A Paw 


deliberately landed near an even larger feature and are mal Pluto furnished a surprise, Pluto and Charon are so close to twins 


there now. On light/dark maps of Pluto it appeared asan ext and so close together that Charon's gravity induces a bulge in Pluto. 
spot perhaps 500 miles (800 kilometers) across—more le bulge is great enough that Pluto is tidally coupled to Charon just 
diameter of Pluto. is tidally coupled to Pluto. Thus, Pluto always shows the same 

Computer models of Pluto's surface used circular spots to Charon just as Charon always shows the same face to Pluto. It 
to approximate the sizes and positions of features that only example of mutual tidal coupling in the solar system.* The 
planet with the light variations it shows. Does an actual. is that for an astronaut standing on Pluto, Charon is either always 
where the model shows a huge dark circular spot? A gianti or never visible. If it is visible from that location, Charon never 
has this shape. Imagine it, stretched out before us: an en Or sets and always stands at the same place above the horizon. If 


elook up at Charon in the sky, 20 times closer to Pluto than our Moon 
Earth. It is an impressive sight. Charon may rank twelfth in size 
moons in the solar system, but it is so close to Pluto—only 11,650 
(18,800 kilometers) above Pluto's equator—that it appears larger 
any other moon appears from the surface of its planet. Charon covers 
4 degrees in Pluto's sky—eight times as wide as our Moon ap- 
from Earth. On our planet, you can hold a pea out at arm's length 
[completely eclipse our Moon. On Pluto, to block Charon from view, 
‘would need a billiard ball. 
If was no surprise that Charon rotates in the same period of time as 
olves so that it always presents the same hemisphere to Pluto. All 
inner satellites and all the major satellites in the solar system have 
nous rotation and revolution because they are tidally coupled 
their planets. A planet's gravity creates a slight tidal bulge in its moons 


Moonlight 
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NO TIDAL COUPLING (Not to scale) 


R andscat 
(à) (e) e - "to. Missing too from Charon is the methane frost which partially covers 


SATELLITE TIDALLY COUPLED: EARTH/MOON SYSTEM 
(Moon shows only one side to Earth) 


4. owly, but Charon stays fixed in the sky.” It never rises or sets, thanks 
tidal coupling. As Charon revolves once around Pluto in 6.4 days, Pluto 
© eq © 
‘thy, stars are frequently blocked from view. These stellar occultations 
t d» 


PLANET AND SATELLITE BOTH TIDALLY COUPLED: PLUTO/CHARON SYSTEM 
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„telescope: The shadows we see on Charon reveal an uneven, cratered 
pe. Like Pluto, Charon is light gray, although somewhat darker 

E more even in color than Pluto, as was known from measurements 
fom Farth using the Pluto-Charon eclipses. The very slightly red- 
brown hue of Pluto is missing from Charon—or at least from Charon's 


facing side, that is the only side we get to see from the surface of 


hane ice there was at the surface has evaporated. Perhaps this in 
explains why Charon is less reflective. The escaping methane has 
d frozen water to view. 

On Barth, we are used to the rising and setting of the Sun, Moon, and 
as our planet turns. On Pluto, the Sun rises and sets, if somewhat 


“ge the only eclipses visible during the 120-year gap between seasons 
solar and lunar eclipses. 
“From the vantage point of Earth, Pluto and Charon pass in front of 


(Both bodies show only one side to each other) «behind one another very rarely. The Earth experiences solar and lunar 


at least four times and sometimes as many as seven times a year. 


ey 3 cause of Pluto's axial tilt and Charon's position over Pluto's equator, 

pair go for almost 120 years without their shadows ever falling upon 

D ; ne another. Then, in a period roughly six years long, Charon's orbit is 

( ia OO )) edge on to Earth and every 6.39-day orbit Charon makes carries 

A NS [ the face of Pluto and then around behind Pluto. The result is 
"ineclipse frenzy. Serendipitously, that eclipse season began in 1985, soon 


Planet-moon systems 
with and without tidal 
coupling 


Charon was discovered and while Pluto and Charon were near 
jerihelion (hence easiest to study). The eclipse season will continue in- 
October 1990. After 1990 there will be no more occultations or tran- 
"is of the pair until about 2109, and then Pluto will be its farthest from 
e Sun and its least accommodating for study from Earth. 
For an astronaut on Pluto in 1988, at the peak of the present eclipse 
n, a solar eclipse is a stirring sight. The Sun is by far the brightest 
and the astronaut will have to make a pilgrimage to the pr in the sky, but in apparent size, it seems to be no more than a 
Pluto to enjoy moonlight. starlike dot. The rotation of Pluto carries this dazzling point of light closer 
We have deliberately landed on the hemisphere of Pluton closer to the huge disk of Charon until it disappears—dimming out 
is always seen. Charon far outshines all other bodies in Charon's limb in a little less than 30 seconds.” With the Sun passing 
the Sun. And it is close enough to show surface features hind the widest part of Charon’s disk, the total phase of this solar eclipse 


Charon is not visible from the astronaut's landing site, it w 
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would last 1 hour 37 minutes. (The total phase of solar ecli srection—the largest satellite with retrograde motion and the only 
last a maximum of 7 minutes.) ire ih that orbital anomaly that lies close to a planet. 

During an eclipse of the Sun on Pluto, Charon would Boi P. Kuiper agreed that Pluto had come from the Nep- 
dark hole in the sky, marked only by the absence of sta Ms, escaping as the planets cofupleted their formation. But 
dark but not black because it would be illuminated by BE. need for a near collision with Triton to eject Pluto. In- 
Pluto. The corona—the outer atmosphere of the Sun, which aem that Pluto had abandoned Neptune when the Sun began 
eclipses seen from Earth so beautiful. would be visible, be the Sun's radiation and particles had, he said, swept away the 
the Sun vanished and just before it reappeared. At mid-e E at Neptune, reducing the planet's mass by a factor of 40. Nep- 
of Charon covers the entire orbit of the Earth. The corona: had too little mass to retain Pluto by gravity" 
at that distance from the Sun to peer around the edges Bi comers, owever, vere uico table with Wie lea that 
come from the Neptune system. They pointed out that when 

to crosses the path of Neptune, it is always 8.9 astronomical units 
How could this strange double-planet system have d p mM Neptune's orbit on its way inbound to perihelion and 6.1 
of the planets in our solar system lie in a plane that is $ al units north of Neptune's orbit outbound. At its closest, Pluto 
so flat that if it were shrunk to a size you could hold in as close to Neptune's orbit as the Earth is to Jupiter when they 
solar system out through Neptune would be about the size an opposite sides of the Sun. The orbits of Neptune and Pluto never 
of a Time magazine. But Pluto violates that analogy. 3 e a road at a railway crossing. Instead the passage is more 

Of all the planets, the inclination (17.2 degrees) and "ikea bridge high above the railroad track. When it moved temporarily 
(0.25) of Pluto's orbit is the greatest. Its orbit is so elli de the orbit of Neptune in 1979, Pluto passed far above the path of 
sails out toa distance of 49.3 astronomical units—almost 46 ptune, and Neptune was nowhere near that point in its orbit. 

(7-4 billion kilometers) from the Sun. Since its last apheli lí Pluto crosses above Neptune's orbit at a minimum distance of 6.1 
year after the conclusion of the Civil War, the elliptica mical units, it would seem that every once in a long while Pluto 
has been carrying it ever closer to the Sun. On January d Neptune must come as close to one another as 6.1 astronomical units. 
passed inside the orbit of Neptune—the only planet that cro: “put according to careful mathematical analysis and computer simula- 
of another. Pluto will spend 20 years closer to the Sun n. Pluto and Neptune can never get closer to one another than 16.7 
will not resume its usual distinction as the outermost p Miiigmical units—almost the distance from the Earth to Uranus 

14, 1999. When Voyager 2 reaches Neptune on August 24, Picture Pluto's orbit as a moderately elongated ellipse made of stiff wire. 
literally be visiting the farthermost planet from the Sun. ly, a planet revolves around its orbit like a bead strung on the 

The modest size of Pluto that was emerging after its di vire while the entire orbit—the stiff wire—very slowly rotates (precesses) 
excursion within the orbit of Neptune suggested to some BE very fat hour hand on a clock. 
that Pluto's ancestry could be traced back to Neptune. The reason that Neptune and Pluto never come close together is that 

In 1934, Issei Yamamoto of Japan proposed in a lecture! size of the gravitational forces that Neptune, Uranus, Saturn, and 
an escaped moon of Neptune. Yamamoto suggested that ler exert on Pluto and the timing of those forces do not allow Pluto's 
close to Neptune, causing Neptune to fall to an orbit “bit to precess but only to oscillate within a very narrow range. This 
‘The encounter also forced Triton into a retrograde orbit am “confinement appears to be permanent, so Pluto's and Neptune's orbits 
out onto a planetary orbit centered on Neptune's original di “fan never and have never come close to actually intersecting so that a 
the Sun [in agreement with Bode's Law for an eighth ‘olision or close encounter would be possible. Further, the rhythmic 
In 1936, Raymond A. Lyttleton of England attempted to ational effects of the outer planets slightly adjust the size and shape 
curious orbit by suggesting that Pluto had originally been a Pluto's orbit, and thus its period of revolution, so that Neptune is never 
tune but that a near collision between Triton and Pluto had! by when Pluto crosses over Neptune's orbit. 
accelerated Pluto out of the Neptunian system and had ra Curiously, Neptune and Pluto are closest to one another when Pluto 
the course of Triton so that it now moved around Neptun smear aphelion—about as far beyond the orbit of Neptune asit can get. 
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Pluto can actually come closer to Uranus (10.6astronom 


it can to Neptune. 


one another.?* 


Recently, astronomers have used supercomputers to calcula 
of Pluto and Neptune hundreds of millions of years backy 
past and forward into the future, trying to take into ac 
tional perturbations they caused in each other's orbit and ti 
tions that the other giant planets caused in theirs, 
found no incident where Neptune or Pluto were p 


The discovery of Charon greatly changed the per: 
origins, just as it changed many perceptions of Pluto. 
of Charon showed that Pluto was even smaller than previ 


There was no way that Pluto, as a moon of Neptune, could h 


Triton's orbital direction. With such a low mass, if Plute 
Neptune, had ever received an acceleration from a close 


IS PLUTO A PLANET? 


As information about Pluto has increased, the size 
attributed to Pluto has decreased. It is certainly the 
smallest planet, far smaller than Mercury. It is con- 
siderably smaller in size and mass than our Moon. 
At the same time, Pluto has shrunk in the estima- 
tion of some astronomers to the point that they are 
calling for the expulsion of Pluto from the ranks of 
planethood and its demotion to the category of 
asteroid. 

How does Pluto fit in with the minor planets? 
Lousy. First of all, it's too large. It is more than twice 
the diameter of the largest asteroid, Ceres. Even 
Charon, Pluto's moon, is larger than Ceres. In fact, 
Pluto has about three times more mass than all the 
asteroids in the solar system put together. 

Second, Pluto is in the wrong place to be an 
asteroid. The vast majority of minor planets orbit 
the Sun between Mars and Jupiter. The only known 
minor planet beyond Jupiter that doesn't return to 
this asteroid belt for part of its orbit is Chiron, 
whose circuit carries it from just inside the orbit 
of Saturn to just inside the orbit of Uranus. It never 
gets within a billion miles (1.6 billion kilometers) 
of Pluto. Chiror's mean distance from the Sun (13.7 


astronomical units) places it closer: 
belt than to Pluto. 

If a second asteroid belt is dis 
Neptune and if Pluto is fairly 
composition of those minor p 
make sense to recategorize Plut 
asteroid. But Clyde Tombaugh a 
Charles Kowal diligently searched 
Pluto-sized objects beyond Nept 
none, and it is most likely that ob 


Pluto is different from the kne 
other ways as well. Its much grea 


Pluto just doesn't qualify as an a 
little or nothing about the stru 
system by approaching Pluto as a 
How then does Pluto fare as a 
still poor. Pluto's distance from the 
too far inward from the possible i 
Oort Cloud of comets. Pluto's 
ellipticity and inclination of its orbit. 
cometlike. But again, Pluto is far 
nucleus of a typical comet is pethay 
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vitational interaction within the Neptune system between 


onand 


Pluto would not have been powerful enough to have caused 


liar orbits of Neptune's satellites, Robert S. Harrington and 


C. Van Flandern in 1979 proposed a different source of energy. 
suggested that Triton, Pluto, and Charon were indeed once moons 
e but that their orbits had been disrupted by an outside 


t most astronomers now believe that Pluto and Triton are pla- 
mals left over from the beginning of our solar system. Other 


lo 15 kilometers) across. Pluto is about 1,457 
(2,345 kilometers) in diameter. 


pluto is also somewhat too dense. Comets are 


ty snowballs with a density close to that of water. 


ites—probably originated from the accretion 
; justas Earth and the other rocky midget 

is near the Sun probably formed from rocky 
of which the asteroid belt is the least 
remnant. But no one considers the Barth an 


beyond Neptune for which Pluto can serve 
‘charter member. Even if Pluto is an overgrown 
it is far too large to be representative of that 

ies Therefore, to designate Pluto as an asteroid 
‘Comet is to make it an orphan—too different 
ftom its brethren for useful comparison. To desig- 


nate Pluto an asteroid or a comet is to ensure that 
it will virtually drop from treatment in classrooms 
and schoclbooks and a new generation of children 
will grow up thinking of Pluto as a "mistake," if 
they have any awareness of Pluto at all. 

‘And then think how easy it will be to convince 
any Congress that NASA deserves funds to send a 
spacecraft to an extremely distant asteroid. 

No. Pluto is a planet—by orbit and by size. It is 
best understood—and taught in astronomy 
courses—as a probable example of a large outer 
solar system planetesimal, the kind of object 
formed from cometlike bodies in the outer 
planetary realm at the beginning of our solar 
system. Most of these planetesimals merged with 
others to mold the comet conglomerates we now 
call Uranus, Neptune, and their moons. 

But there may be a pair of planetesimals that did 
not coalesce further. Pluto and Charon have poten- 
tial value to science not as representatives of a class 
of asteroids or comets but as large, nearly pristine 
planetesimals—the objects from which gas giant 
planets and their moons are made. 
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locked by the gravity of the outer planets in a reso 
tected it from collision with and accretion into a larger 
B. McKinnon has suggested that Triton survived until 


was nearly complete but then passed close by Neptune, w 


the gas and dust remaining around the planet, and was 
tune's powerful gravitational field into a retrograde 
Such acapture would have caused intense heating i 
the interior and allowing the newly acquired satellite | 
If so, the surface of Triton should still attest to its stressful 
tures and measurements from Voyager 2 at Triton may i 
it was indeed captured by Neptune” 

Although Pluto never experienced the stresses i 
Neptune, its interior too has probably undergone major 
accretion. The presence of low-density methane ice 
surface of Pluto and yet the substantial density of the 
that of water, suggests to McKinnon and Steve Mueller 
terior must have melted and separated into layers. 

Pluto's density indicates that it is composed of much m 


CRUST: Methane ice 
(mixed with other ices?) 


130-190 miles 


a few miles. 


520-580 miles 


MANTLE: 
Water ice (mostly) 


Internal structure of 
Pluto as proposed by 
William B. McKinnon 
and Steve Mueller. 


CORE: 
Rock and ice mixture 
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quantity of rock is great enough so that the decay of radioactive 
soon after the planet formed must have caused Pluto's interior 
jate, with the denser rocky materials sinking toward the center 
lighter ices floating toward the surface. With methane ice con- 
toward the surface, slow vaporization could have kept Pluto 
with a thin methane atmosphere since the solar system 
T 
yn and Mueller also suggest that Charon was once part of Pluto. 
ge planetesimal wandering through the outer solar system smashed 
original, larger Pluto. But the orbital velocities of objects so far 
Mhe Sun are not so great that the collision would have scattered the 
js widely. Instead, the fragments of the original Pluto, continuing 
jt together, could have reaccreted but into two smaller bodies or- 
mone another—Pluto and Charon. 

‘haps the only remaining large planetesimals left in the outer solar 
, Triton and Pluto-Charon could be closely related. Since Pluto 
soon be gliding farther from the Sun again and since no spacecraft 
jt has yet been planned, it may be that Triton is our best clue 
je nature of Pluto, unless Triton's capture by Neptune has changed 

o greatly to provide useful comparisons. 


tember 12, 1989, Pluto will celebrate perihelion, its closest ap- 

ch to the Sun, when it reaches a distance of 2.75 billion miles (4.4 

ion kilometers). Astronomers—professional and amateur—will join 

bration because Pluto at perihelion is seven times brighter than 

ion. When it is farthest from the Sun, Pluto sinks to magnitude 

jand a 22-inch (56-centimeter) telescope is about the minimum size 

to study the distant planet. At perihelion Pluto is expected to 

4 maximum magnitude of 13.6, so an 8-inch (20-centimeter) tele- 
should just be able to discern it.* 

ring 1999, Pluto will return to its role as the outermost planet, 

ly sliding back into the darkness of distance that helped to hide 

om discovery and then from understanding for so many years. The 

decade or two offers a rare window of opportunity to study what 

out of its 248-year orbit is the most remote planet in our solar 


there be a space probe to visit Pluto and Charon in the near future? 
hasno plans, but the Soviet, European, Japanese, and Chinese space 
are expanding. Now is the time for a mission to Pluto, while 

et is still about as close to the Sun as it ever gets. Senda spacecraft 
soon and save 1 billion miles (1.6 billion kilometers) over the 


A Mission 
to Pluto? 
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average distance from the Earth to Pluto. That's a savings: 
the distance between the Earth and Saturn. 

A direct flight from the Earth to Pluto using a least-ener, 
take 40 years. But by using Jupiter for a gravity assist, th 
journey would be cut to 10 to 15 years, and far less ene 


required. The next launch window for a Jupiter-assist fligh 
in the late 1980s—but no spacecraft has been built. The next € re a 
will come in 12 years when Jupiter completes another: 
nth Planet: 


Sun and begins to overtake Pluto once more. Perhaps. 
inding of Pluto was an important discovery, but 


orbiter and lander mission on its way to the outei 

outsized moon in the year 2001. 
you did not find out there is even more important.” 
omer Gerard P. Kuiper to Clyde Tombaugh 


as Tombaugh had discovered Pluto and reconfirmed it with new 

s, he resumed his systematic photographic survey in Cancer 

{Leo where he had left off. This self-assigned use of time was prob- 

good release of nervous energy because almost four weeks would 

between the moment he delightedly called across the hall to 

npland and the actual announcement of a ninth planet. However, said 

ugh, "I suspended blinking, thinking the search was over—so I 

I was getting tired of the tedious blinking anyway." 

ten weeks of excitement, the pressure for information from other 

srvatories and from journalists had subsided. One day in late May 

Yesto Slipher went to Tombaugh and made a request: “I would 

rou to resume searching. There might be more planets out there like 

Start where you left off in February." Tombaugh was pleased: "The 

ff now had complete confidence in my work. I had examined two 

lion stars. To cover the wider area, I had at least twenty million stars 
That number proved to be an underestimate. 

steadily expanded his search north and south of the ecliptic to take 

the sky visible from Flagstaff. He kept a special eye out for the se- 

ral planets that William H. Pickering had predicted. "As I was to learn 

er the next thirteen years in the resumed search," wrote Tombaugh, 

‘one of his other planets existed." 
lombaugh worked on resolutely: "After the experience with greed in- 
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volved in the Pluto discovery, I could see that even ing 
a dog-eat-dog situation. After all the sacrifices made by 
ly and the staff, I was determined that if there were m 
found, they would be found at the Lowell Observato; 

By April of 1938, Tombaugh had photographed 
telescope and examined with the blink microscope 35 
July of 1943 he had photographed the entire sky vi 
from Canopus to Polaris. But his tolerance for blinking we 
ping. Once he could maintain concentration for five tos 


pluto wasn't massive enough to have caused the irregularities in 
tion of Uranus and (according to William H. Pickering] the mo- 
f Neptune as well, what was causing those discrepancies? Had 
4 X been missed? 
ie gradually became apparent that Pluto was too small to be the 
A a predictions for the existence of a tenth planet began to appear 
y most based on new analyses of the orbital discrepancies." 
ofthe scientists who think there is evidence that points toward 
splutonian planet and who have been most active recently in pur- 
A few years after the discovery of Pluto, he had to cut (Planet 10 are Thomas C. Van Flandern and Robert S. Harrington, 
four hours. Now he could endure only two hours a day, p Whitnsire and John J. Matese, John D. Anderson, and Conley 
out," he said. Fach came to the conclusion that a tenth planet exists by a dif- 
In July 1943, in the midst of World War II, Clyde Ton ent route, but the planet each envisioned had much in common with 
years old, was drafted to teach navigation for the Navy i thers 
that event, said Tombaugh, "my planet searching ended. 
His final tally of individual stars photographed and. 
45 million—90 million paired images. He had spent 7; ‘york at the Almanac Office of the U.S. Naval Observatory kept Tom 
blink microscope, the equivalent of doing nothing else for. ndern close to peculiarities in planetary orbits. The outer planets 
working day for three and a half years. uncooperative. The calculated orbits for Neptune would fit its 
In his 14 years at the blink comparator, Tombaugh position and pen mehi predictionsfora = Years butby 
rs, the predicted positions were considerably in error. 
Seep DE Bl es oi for Uranus would Bt for one whole revolution of the 
et but, maddeningly, would not fit the previous or a subsequent 


5 new open star clusters 
1 new supercluster of 1,800 galaxies 


z olution. The orbits of some short-period comets also, he felt, showed 
focal He sual elastics ot galeries the effects of perturbations that could not be explained by the gravity 
Sh MM fknown planets or by the jet effect of ice on rotating comets vaporiz- 


ea so that it slightly alters the comets’ orbits. Van Flandern became con- 
Dace EN about 1976 that the discrepancies in the motion of Uranus and 
Ee je were real and not just errors of measurement. 

Because of his careful and dogged years of search, Tom then called the anomalies in the motions of Uranus, Neptune, and 
fident that no planet brighter than magnitude 16.5 i comets to the attention of his Naval Observatory colleague Robert 
of coverage. Only a planet in an almost polar orbit and gton and suggested the idea of a tenth planet. Harrington was 
south pole (not visible from Flagstaff} could have esca ical at first, but the discovery of a moon for Pluto showed that the 
A planet the size of Jupiter would have been detected at 470: ‘of Pluto was far too small to disturb Uranus, Neptune, or distant 
units (12 times Pluto's distance from the Sun). He could 
a Neptunessize planet at 7 times the distance of Nep Flandern and Harrington began their collaboration with a study 
seen a planet the size of Pluto at 1.5 times Pluto's a peculiarities in the Neptune system. The newly calculated mass 
the Sun. "Other planets like Pluto do not appear to exist had demolished Lyttleton's already seriously undermined idea 
of 60 astronomical units," Tombaugh concluded, Pluto was once a satellite of Neptune along with Triton and that 

Beyond 60 astronomical units, said Tombaugh, more Pluto tational encounter between Triton and Pluto had reversed the or- 
could exist, but their perturbations, like Pluto's, would be motion of Triton and hurled Pluto out into its own orbit around 
The only means to find them would be by a comp n. Pluto didn't have the mass to turn Triton around. 
tional search of lengthy, tedious, and costly proporti d the gravitational energy to force Triton into retrograde revolu- 


The Quest 


Goes On 


Piecing 
Scattered Clues 
Together 


Thomas C. Van 
Flandern 


Courtesy of Thomas C. Van 
Flandern 
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Robert S. Harrington 
Official US. Naval Obser- 
vatory photograph 
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tion have come from an outside source—the same soy E: 
was disturbing the outer planets? Could that intruder hay 
They made computer simulations of planets of diff. 


Yan Flandern still agree that Planet 10 should be a frozen 
ammonia, and water world somewhat like Uranus and Nep- 


wer mass—perhaps two to five times the mass of Earth. 
into the Neptunian system at different distances, speeds nso ar unseen, Planet 10 must be nearing aphelion on its highly 
their computations emerged a nominee—a planet with orbit, so that itis near minimum brightness, Still, for an icy body 
the mass of Earth in a highly inclined and elliptical o ipte pis tenth planet should be about magnitude 13, some six times 
astronomical units from the Sun with an orbital period o than Pluto when it was found. Van Flandem suggests that a trans- 
years. In one brief visit long ago, the intruder had re n planet could be dark in color, reflecting light so poorly that 
of Triton, warped the orbit of Nereid, and cast the be no brighter than 16th or 17th magnitude—fainter than Pluto 
the Neptune family onto a planetary orbit of its own, discovery. ar 
suspected, was either an additional satellite of Neptune ex ington is not driven on in his quest by utter confidence in the ir- 
with Pluto so that they captured one another; or, altern Brities in the motions of the outer planets. He thinks they are real 
tensity of the intruding planet's tidal strain had caused p] they are slight. Imagine, he says, observing from Washington, 
in two, with Charon as the smaller fragment. For Van F. and identifying a drunk coming out of a Baltimore bar by his stag- 
a third alternative: Charon might be a former satellite er That's the size of the alleged perturbations in the motions of Uranus 
planet that was transferred to Pluto's control as Pluto andi à jeptune. It may be, he feels, that these discrepancies are errors in 
sped away after the encounter. ting older observations to a common reference frame. But he is 

With their inclined, eccentric path, Harrington and Van Fl couraged to keep hunting by the computer simulation he and Van 
Pluto and Charon hinted at their past by returning four tin performed, that found that a single planet of modest mass pass- 
nium to a position near the scene of the crime—the plac ing only once through the Neptune system could account for the pre- 
they were kidnapped and abandoned, the place of their ‘ent motions of Triton, Nereid, and Pluto. 

The ideas of Van Flandern and Harrington then began to - And if he finds Planet 10, what will he name Humphrey, he says. 
Flandern continued to think that the marauding planet The name was inspired by "Humphrey the Camel," a somewhat off-color 
beyond Neptune at the beginning of the solar system. Ha ‘ong from the 1960s. But Humphrey isn't exactly a traditional Roman 
that Planet 10 had formed between the orbits of Uranus a Greek name. " Well," he says, “I considered Zorba.” When searching 

As to commencing a search for Planet 10, Van Flandern fora tenth planet, Harrington feels, commitment is necessary, but it 
early. More data was needed, such as an improved detern desit pay to take yourself too seriously 
mass of Neptune, which Voyager 2 should furnish. Also n 
more mathematical analysis to demonstrate that a tenth pl 
exist and where it could be found. 

Harrington preferred to approach the problem of locating; 
planet by brute force—supplying a computer with thoi 
to crunch in order to find those orbits that might be possible 
searching for Planet 10 in October 1979, using the Naval 
15-inch (38-centimeter) astrograph (a wide-field photogr 
telescope] in Washington, DC. In 1980, he continued, using i 
(61-centimeter] Curtis Schmidt Telescope at the Cerro T 
American Observatory in Chile. Additional searches were 
1981 and 1984 with the 15-inch telescope in Washington, 
in 1986 and 1987 with the 8-inch (20-centimeter) double 
the U.S. Naval Observatory's Black Birch site in New 
amined all the plates on a blink comparator and has, in 
"nothing to show for my efforts." 


Jn 1985 two more researchers postulated a tenth planet, but they ap- 
proached the issue from a different direction. Daniel P. Whitmire and 
John J. Matese, at the University of Southwestern Louisiana, had been 
‘ive in the controversy about the cause of mass extinctions on Earth, 
suchas the one about 65 million years ago that wiped out the dinosaurs. 

In 1980, Luis W. Alvarez, Walter Alvarez, Frank Asaro, and Helen V. 
Michel had proposed that the impact of an object from space had thrown 
much dust into the atmosphere that the Sun was blocked from view. 
twas black as night for months. In the dark and cold, plants died. Animals 
bat depended on the plants died. Animals that depended on other animals 
died, More than half the species of plants and animals on Earth perished 
that time. The Alvarezes, Asaro, and Michel felt that the assassin was 
‘asteroid perhaps 6 miles (10 kilometers) in diameter. 

But the extinction that claimed the dinosaurs and so much of life 65 
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John J. Matese (left) 
and Daniel P. Whitmire 
Courtesy of Daniel P. 
Whitmire and John J. 
Matese 


„issmall but lethal hypothetical star Nemesis, "after the Greek goddess 
relentlessly persecutes the excessively rich, proud, and powerful. 
: e worry" they added, "that if the companion is not found, this paper 
i E t $ jill be our nemesis. 

E y js, however, no consensus among paleontologists and geologists 
"ut the causes of mass extinctions and whether mass extinctions and 
ering episodes occur at regular intervals. The controversy continues 

lively pace into the present. 
" Were mass extinctions caused by comet showers triggered by a com- 
nion star for our Sun? One of the early attacks on this hypothesis came 


that it could survive in such an orbit from the beginning of the 

system because the Sun's gravity at that distance is very weak. Stars 

clouds of interstellar gas and dust passing near the solar system would 

disrupted the regularity of the twin star's period and, rather quickly, 
id have torn it away from the Sun. 

posing a "death star" hypothesis, Whitmire had already recog- 

the problem of a companion star's orbital stability. He and John 


million years ago was only one of many mass extinctions th 
has experienced in the last 250 million years. In 1984, D 
and J. John Sepkoski, Jr., presented evidence that 
tions of life on our planet have occurred approximately. 
years.” 

‘Two different teams of researchers immediately: 
collisions with Earth are too infrequent to cause mass extincti 


d of Sun 2 scattering comets with a plunge from the fringes into 
densest regions of the Oort Cloud, this Planet 10 would disrupt comet 
oa : by scratching the innermost portion of the Oort Cloud from in- 
26 miUion years and that there web io siecle aaa “ide in particular a disk of comets thought to lie in the plane of the solar 
hit the Earth with regularity. But comets could, if som B ih orbits not far beyond Neptune and Plate 


ing them. They proposed that the periodic mass extin 3 to orbit the Sun. He TAREN 
deed byan ken Mer thia ou. solas epee Pluto takes only 248 years to orbit the Sun. How could a planet 


gravity, just as the planets are. After all, a majority of the 
universe are binary or multiple star systems. 

One team of researchers was Marc Davis, Piet Hat, 
Muller; the other team was Daniel P. Whitmire and Albert: 
IV. Their proposals were independent, simultaneous, and ve 
The Sun's companion had to be a star of low mass 
brightness to remain unidentified when it was by far the 


ng to the law of gravity, it couldn't. Even a planet several times the 
eof Pluto cannot revolve around the Sun that slowly. But the en- 


nd this precession can proceed very slowly. 
Visualize Planet X on an elliptical orbit perpendicular to the plane of 
e sclar system. If the plane of the solar system is a table top, then the 
of Planet X is standing on its head. We see the table top at eye level 
on and the orbit of Planet X face on. In that headstand position, 
X does not disturb any disk of ancient comets that lie in the plane 
he solar system not far beyond Neptune and Pluto. But eventually 
disturb the comets in the disk because the gravity of the outer 
anets causes the entire orbit of Planet X to precess. The tilt of the orbit 
ll stay inclined to the plane of the solar system by, say, 90 degrees, 
the orbit will gradually pivot around like a very fat hour hand on 
‘clock. It will pivot through the plane of the table and down, then back 


light-year (about 30,000 astronomical units} to the Sun 
a distance of 2.4 light-years (more than halfway to the ne 
a period of 28 million years. 

In the course of its travels, this star would at perihelion cz 
the densest portion of the Oort Cloud: of comets, acc 
of them out of the solar system but decelerating millions 
ing them to fall in closer to the Sun so that some hit the Ea 
tous consequences for the evolution of life. Davis, Hut, and M 
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up through the plane of the table and back to its initial arities in the positions of Uranus and Neptune, the strange 
tion. Ina multiple-exposure photograph, the ellipses of ieptune's satellites, and the peculiar orbit of Pluto. Whitmire 
would form a rosette. tese felt they had found a tenth planet in their data. Harrington 

In the course of that precession, the outer portion oft ‘vn Flandern felt they had found a tenth planet in their very dif- 
of the fat hour hand) would slide through the comet dats. Yet the two planets were essentially the same. Matese and 

ire found in this convergence a great boost to their confidence. 
only during those two relatively brief periods when the agree with Harrington and Van Flandern that there is a trans- 
is in or near the plane of the comet disk. If the orbit I in planet of substantial size to be found. No object in the solar 
pletes one precession cycle in 56 million years, it will cau em bas caused more trouble. Imagine a Most Wanted poster for this 
of comet showers for the inner solar system—one planet. 

But what would be the size of the orbit of a planet with ano i 
sion of 56 million years? To their surprise, say Whi 
average distance of this planet from the Sun turned out t Disturbing the motion of Uranus and Neptune. 
80 astronomical units (about twice the distance of P ‘Smuggling short-period comets (like Halley's) into the inner solar 
orbit would be substantially inclined (perhaps 45 d grstem. 
(slightly more than Pluto's). It would range far enou E .cted of trespassing at Neptune, driving Triton and Nereid 
the comet disk when precession placed it in the prop berserk, and kidnapping Pluto. 
was also close enough to the Sun to be detectable. The orb |. Repeated assaults on Earth with deadly comets, causing periodic 
X would be stable. ‘mass extinctions of life. 

It was at this point, say Matese and Whitmire, they ı ‘DESCRIPTION of fugitive: One to five Earth masses; eccentric, with 
aos bre ee x ádinclination; likes to leave subtle clues to tantalize astronomers; lives 
lema Harrington and Vet Taea teat eae intrans Plutonia, constantly on move, no known address, might repeat 

planet was: nts every 700 years; knows how to hide. 
- NOTE: Substantial reward for information leading to his arrest. 


p eet eee ee Finding one planet, in the opinion of Whitmire and Matese, could solve 
Oort Cloud comets Planet any crimes.* 
analysis by Eugene M. Shoemaker and Ruth F, Wolfe, however, 
that even with a mass of five Earths, Planet X could not cause 
showers, a possible cause of mass extinctions on Earth. Pointing 
studies, they concluded that the purported inconsistencies in 
motions of Uranus and Neptune do not indicate a tenth planet, that 
plant of equal or greater mass than Earth would be so bright that it 


ED on cosmic charges: 


Inner Oort Disk of comets hardly have escaped previous discovery, and that a planet larger 

Earth would be unlikely to have formed beyond Pluto.” Matese 

According to Daniel P. Whitmire and John J. Matese, P d Whitmire counter that their own analyses show that a Planet X with 
elliptical orbit which is highly inclined to the plane of Earth masses could cause comet showers, that a planet with low 
The precession of that orbit causes it to pass through tivity or one located deep in the southern sky could have escaped 


inner Oort Cloud of comets, disturbing their orbits and cau 
showers for the inner solar system. Comet impacts on Eart 
showers, they believe, are responsible for periodic mass 
life on our planet. 


n, and that the study that indicated an Earth-size planet could 
form beyond Pluto also cannot account for the existence of Uranus 
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Watching for a 
Spacecraft 
to Quiver 


John Anderson 
Courtesy of John Anderson 


In 1987 a new proponent of a tenth planet emerged on the clues as to where in the sky to search for it. Anderson hopes that, 
Anderson at the Jet Propulsion Laboratory was working with the two Voyager craft sail out beyond the planets, they may help to 
Pioneer 10 and 11 spacecraft, which had preceded the Vo © ‘down the location of Planet X. 

10 flew by Jupiter. Pioneer 11 flew by Jupiter and conver D 

passage into a gravity assist to Saturn. Both craft are now 

of the solar system in nearly opposite directions, and Pioneer 1¢ ‘he most recent of the proposals for a tenth planet is also the most tradi- 
beyond the orbits of the planets. onal in methodology. Conley Powell is an aerospace engineer for 


Anderson tracked the departing probes by their radio sig e-Brown Engineering in Huntsville, Alabama, who specializes 
years to see if either was deflected from its course by gravit jpastrodynamics. He calculates orbits. So slight discrepancies in the mo- 
ing across the cosmos or by the gravity of a trans-Plutonian plane ons of the outer planets that U.S. Naval Observatory astronomers could 
craft exhibited any sign of unusual perturbation. ‘ot explain as observational errors were fascinating to him. He discarded 

Anderson therefore concluded that a tenth planet most lil ihe Neptune residuals from consideration even though Harrington and 


ist! A positive conclusion from what seemed like negative. Sen Flandern thought them significant because he felt that, with less than 
‘Two years earlier, the interpretation of this data by me ull revolution completed since it was discovered, Neptune's precise 
‘Myles Standish, Jr., had been negative: " si abit was still too uncertain. The orbit of Uranus, however, was much 
tracking data from the Pioneer 10 spacecraít... fetter known, and he began an analysis of the discrepancies between 
presence of Planet X." the predicted and actual positions of Uranus in the tradition of Adams, 
But now Anderson felt that the slight unpredictabilities: Je Verrier, and Lowell, with the hope that the position of a tenth planet 
of the outer planets that U.S. Naval Observatory astronomers. could be determined mathematically. 
attention to could best be explained by the existence ofa Asthe Jet Propulsion Laboratory mathematicians had shown, the obser- 
‘Therefore, the lack of perturbations in the spacecraft p rations of Uranus after 1910 provide much more orbital accuracy than 
tion about the unseen planet's path. ‘arly ones. Powell therefore assigned less weight to early visual and even 
The Jet Propulsion Laboratory had calculated highly arly photographic observations and more weight to twentieth-century 
for Uranus and Neptune by including only observations Uranus position records, based on probable errors in the data as com- 
the present and by excluding earlier observations. Andei ‘puted according to statistical theory. It was not, he felt, a question of the 
fidence in almost all the observational data—new and old. disturbing planet getting farther away during the past 80 years. The data 
concluded that an unseen outer planet had been disturbing’ ‘improvement about 1910 was too sudden to be attributed to the grow- 
Neptune before and during the nineteenth century but ing distance of a tenth planet. It was due instead, he thought, to new 
was now too far away for its gravitational effects to be noti fechriques used to pinpoint planet positions. 
planets or even on the two tiny and distant Pioneer craft. Powell's calculations showed Planet X with 2.9 Earth masses at a 
‘Thus Planet 10, he surmised, must have a highly elliptical stance from the Sun of 60.8 astronomical units, giving a period of revolu- 
carriesit far enough away to be undetectable now but periodic ‘ton of 494 years.'* He was intrigued that this number was approximate- 
it close enough to leave its disturbing signature on the pathsof ly twice the period of Pluto and three times the period of Neptune— 
planets. He put the orbital period at 700 to 1,000 years. The: ‘Suggesting that the planet he thought he saw in the data had an orbit 
also had to have a highly inclined orbit so as to have p ‘abilized by mutual gravitational resonance with its nearest neighbors 
able deflection of either of the Pioneers. Finally, to create tl despite their vast separation. 
turbations reported in the Naval Observatory data, he co His calculations for a tenth planet also provided an orbit inclined by 
the planet must have a mass of about five Earths. This only 8.3 degrees (less than Pluto's) and only slightly eccentric (but not 
far away, nearing aphelion, where its gravitational fim enough to warrant a number). The orbital resonance of Planet 10 
noticeable. Its perturbations on the outer planets won't be dete ‘nd the unspectacular nature of its derived orbit gave him confidence 
until about the year 2600. 4 ‘that this unseen planet was real. 
For the time being, this distant planet, if it exists, has This solution to his calculations called for the trans-Plutonian planet 


Reanalyzing 
the Motion 


of Uranus 


Conley Fowell 
Courtesy of Conley Powell 
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to be in Gemini, ironically the same part of the sky where Us hare is yet another serious scientific search in progress for a trans- 
Pluto were found. It would be brighter than Pluto when it was dis nian planet, but it is being conducted without the belief or theoretical 

At the request of Conley Powell, the Lowell Observatory jculations that such a planet really exists. This investigation is being 
search for the hypothesized planet near the spot that Powell! [gried out by Thomas J. Chester and Michael Melnyk of the Jet Propul- 
tions indicated on the survey photographs made by Clyde Bit faboratory. It is perhaps the least orthodox of all. 1 
Had Tombaugh missed the tenth planet? Beginning in August I: (On January 25, 1983, NASA launched the Infrared Astronomical 
the supervision of Edward Bowell, Norman Thomas used a bl tellite (IRAS), a joint endeavor by the United States, the Netherlands, 
parator to search approximately 1,000 square degrees of sky. ] nd Great Britain. Scientists realized that this 22inch (57-centimeter) 
was found. | with infrared sensors would have a reasonable chance of detect- 

Undaunted, Powell reexamined his data. He was dissat d inga tenth planet if it exists. A distant planet would receive and reflect 
inability to derive more than a vague value for the eccentricit very little sunlight and therefore be hard to find with optical telescopes 
orbit of his suspected tenth planet. So he let his computer "have jt and photography. But the meager energy it absorbed from the Sun and 
in a sequence of approximations that produced a still better f fosverted to heat could make this planet stand out clearly in infrared 
residuals. What emerged was a significantly different pred igths. Many research projects were conducted on IRAS before 
Planet 10 was now smaller, closer, and brighter. His m. iran out of liquid helium to cool its special infrared detectors in 
predicted a planet with 87 percent the mass of Earth. Wit November 1983, as expected.?? Regardless of whether they were ex- 
distance of 39.8 astronomical units, a period of 251 years, and amining galaxies, nebulae, or stars, many of the astronomers checked 
tricity of 0.26, Powell's planet would follow almost exactly the RAS data for a possible tenth planet. As Chester explained, "Everyone 
Pluto. Like Pluto, it would even spend part of its circuit in wanted to be rich and famous." 
of Neptune. Powell is fascinated by the similarities be It wasn't easy. IRAS recorded some 600,000 objects. Finding a tenth 
prediction and the final predictions for a ninth planet by planet among them is like finding a poppy seed in a bin of sesame seeds. 
Pickering. ‘Almost. There were some sensible ways to improve the odds. As they 

This tenth planet, Powell calculates, should be located at proceeded with their principal investigations, astronomers kept their eyes 
the eastern part of the constellation Leo, the Lion, with aco open for objects in the expected low-temperature range. They looked for 
bright magnitude of 12.2. "It's hard to see how Tombaugh c | objects that moved. No tenth planet was found. 
missed it," says Powell. Although the unseen planet would 
well toward aphelion during Tombaugh's search, it would have 
to the ecliptic and brighter than magnitude 13. Says Powell, "E 
baugh was mistaken in thinking that he could not have n 
brighter than 16th magnitude or my calculations are 

Powell thinks that a search for the planet predicted by his. 
putation is premature. He first wants to refine his calculation 
data he has just received from Bob Harrington—the post-191 
of Uranus calculated by the Jet Propulsion Laboratory for nav 
use in the Voyager 2 encounter with Uranus. 

If his planet is found, he would like to name it Persepho1 
calculations lead to no planet discovery, would that suj 
Uranus residuals are erroneous? No, says Powell, itis hard to. 
these discrepancies are not significant. More likely, he feels, 
tional model of the outer solar system is wrong, perhaps b 3 Thomas J. Chester and 
isan eleventh planet out there whose gravitational effects are! | Michael Melnyk (right) 
matters. Gaylin Laughlin 
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Plate 16. Saturn and its exquisite ring system as seen by Voyager, 
bluish dots below Saturn are its moons Rhea and Dione, 
NASA/Jet Propulsion Laboratory 


Plate 17. Even more detail in the ring system of Saturn is vig} 
Voyager 2 view after closest encounter. Saturn can never be seen 
angle on Earth. 

NASA/Jet Propulsion Laboratory 


Plate 18. The Voyager spacecraft revealed that Saturn's ring s 
posed of thousands of rings, as this false color picture clearly sig 
NASA/Jet Propulsion Laboratory 


Plate 19. The richly banded world of Jupiter, as seen by Voyager I 
Red Spot, a giant storm more than twice the size of Earth, and Maf 
storms (white and reddish spots} are clearly visible. Also visible 
moons of Jupiter: reddish Io is near the right edge of Jupiter; Euro 
whitish dot near the right edge of the picture; and Callisto is a tiny, 
Jupiter and to the left. 

NASA/Jet Propulsion Laboratory 


PLATE 16 


Plates 20 and 21. Io, Jupiter's innermost large moon, as phot 
Voyager 1. Active volcanoes on Io, such as the one seen on the hor 
21), hurl gas and debris more than 100 miles (160 kilometers) ab 
moon's sulfur-covered surface. Said one scientist: “I've seen better 


pizzas 
NASAfJet Propulsion Laboratory 


Plates 22 and 23. Europa, just a little smaller than Earth's Moon, 
a fractured billiard ball in these Voyager pictures. Beneath the 
may lie liquid water. The fractures in Europa's crust are probabi 
by the tidal strain created by Jupiter, Io, and Ganymede. 
NASAJJet Propulsion Laboratory 


Plates 24 and 25. Ganymede, Jupiter's largest satellite and the larg 
in the solar system. The ridges and grooves scen by the Vo} 

a world where chunks of crust moved about and collided with one 
NASA/Jet Propulsion Laboratory 


PLATE 19 


PLATE 20 PLATE 21 


PLATE 27 


PLATE 22 PLATE 23 


PLATE 29 


PLATE 24 PLATE 25 


26 and 27. Callisto, the outermost large moon of Jupiter. Voyager pic- 
showed that it was saturated with craters. Any new craters formed by 
ing asteroids or comets will obliterate older craters. This thoroughly 

landscape suggests that Callisto has changed little since it formed. 

JIsujet Propulsion Laboratory 


28 and 29. Titan, Saturn's largest satellite and the second-largest moon 
ge solar system. Only two moons, Titan and Neptune's Triton, have per- 
Pent atmospheres. The Voyagers found that the principal gas in Titan's 
| smosphere is nitrogen and that the atmospheric pressure is 60 percent 
than that of Earth. 


PLATE 31 
IISUJet Propulsion Laboratory 


|. mite 30. Two days before closest encounter with Triton, Voyager 2 could 
Sa mottled surface, but little more. The southern hemisphere (lower two- 
thirds) was pinkish; the northern hemisphere (top) was darker and redder. 
WMISAJJet Propulsion Laboratory 


Pile 31. One day before closest encounter with Triton, Voyager 2 could see 
thedark streaks, the fractures, and the ‘cantaloupe’ terrain that mark Triton 
353 fantastic world. 

ASMJet Propulsion Laboratory 


Phite 32. Triton: the best view. Inbound to Triton, Voyager 2 observed the 
hemisphere that always faces Neptune. Triton's southern ice cap [bottom] 
offrozen nitrogen is tinged pink by hydrocarbons. 

Ageyser in eruption may be seen near the limb in the position with 
itsthin dark trail of airborne debris stretching toward "6 o'clock.” A second 
Alive geyser is at "5 o'clock." Three other probable active geysers are at the 
7430" position. Dark streaks of windblown and fallen ejecta mark the loca- 
tions of many dormant geysers. 

Above the edge of the southern ice cap, the fractured and "cantaloupe" 
Terain suggests internal pressures that continue to remold Triton's surface. 
MSAVjet Propulsion Laboratory mosaic (color and contrast have been 


‘ahanced) 


PLATE 32 
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E— — 
bii ORAS E EE r was only one method left: Cull the entire IRAS catalog of ob- 
a joint 2 mier 


eii th planet candidates—cool, faint sources—and compare every 
E m Palomar Sky Survey opaa phbeopraphs taked alniost 40 
Britain, was launched 4 ago. If the IRAS catalog and the survey photo both showed the ob- 
by NASA in 1983 and à atthe same position, then it wasn't Planet 10 because the planet would 
pereemed auperbly für: moved. This systematic search was the approach that Chester and 
ei dtd syk pursued. Fortunately, not every star had to be compared to an 
MAE exa aste WC LU survey photograph. Existing catalogs listing the positions of infra- 
22-inch (57-centimeter) and optical objects could be used to disqualify 80 percent of the stars 
telescope and its ability IRAS. If the IRAS object appeared in the catalog, it hadn't moved 
to study infrared radia- was eliminated.” 
tion absorbed by the ester and Melnyk are gradually compiling a list of a hundred or so 
WIE suspicious objects to be checked out by the 200 inch Hale Telescope 
vided views of the s “Mount Palomar. A few candidates have already been examined, but 
heavens never before 5 Planet 10 has been found. 
available. Astronomers / "These two IRAS gleaners have simplified their search one step further. 
are still combing the 'have concentrated on the portion of the heavens where there are 
orsi "ie fewest stars. In this way they can cover the most sky with the least 
ihe poaublitviet at dio. They have avoided the plane of our Milky Way Galaxy, where 
tenth planet in our the starsare most concentrated, and have started with the galactic poles. 
solar system. Since 1986 they have been working their way from the north galactic 
NASA (photograph and i Y paleto a galactic latitude of 50 degrees. So far, they have covered one- 
icd tenth of the entire sky. They think they can cover down to nearly 30 
degrees before star density is too great. When they reach that point, they 
will have examined 120,000 IRAS objects. So far they have completed 
20 percent cf their task. Chester explains: It's like a drunk looking for 
fis lost keys at night around the base of a lamp post. A passerby stops 
1o help. “Is this where you think you lost them?" he asks. "No." says 
Ihe drunk. "But the light is better here." 

Thus the search by Chester and Melnyk is not based on a planet per- 
lrbing Uranus and Neptune (Chester doubts that the residuals are due 
Inatenth planet), The search is not based on a planet periodically dislodg- 
ing comets to deluge the Earth (Chester believes the evidence for that 
hypothesis is extremely weak]. 

Instead the Chester and Melnyk review of IRAS data for a tenth planet 
Sa by-product of Chester's principal mission—to find objects outside 
ihe solar system that have too little mass to shine like a star by nuclear 
fusion. These objects, more massive than Jupiter but less than 8 percent 
‘he mass of our Sun, glow feebly because of the heat generated by the 
favitational compression of their interiors and the radioactive decay of 
Remy elements trapped within them. Even if these so-called brown 

5 were closer to our solar system than the nearest stars, they may 
Še impossible to see with optical telescopes.’ But if they exist, they 
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must be visible in the infrared and thus should have vided many serendipitous discoveries. If they do find a tenth 


the IRAS data. Chester is trying to see how much unde n B sielnyk thinks that Cronus might be a good name, since he was 
is in the form of brown dwarfs in our vicinity. n 


father of time and a distant new planet would certainly take lots of 
The amount of unseen matter has important implications to make its way around the Sun. Their failure to find one would 
of the cosmos. Thé universe is currently expanding foll. rule outa tenth planet but would further constrain the possible size 
in the big bang 15 to 20 billion years ago. Will the unis distance of such an object and the part of the sky where it might 
expand forever, or will the expansion gradually slow to ah hiding. If Chester and Melnyk find no tenth planet, they feel they 
a contraction that will lead over tens of billions of years |be able to say with great confidence that no tenth planet of signifi- 
compressed into a singularity, perhaps followed by a new; ant size and proximity exists in the 50 percent of the sky they have 
answer lies in whether there is enough gravity to halt ‘The unsearched sky remaining will be close to and along the 
which means whether there is enough mass in the ‘Way, where the stars are so numerous that a complete search of 
Telescopes have detected only about 10 percent of the ne IRAS data performed by human beings would be so lengthy and 
sity to keep the universe from expanding forever. Is ther s that it would be impractical. 
of unseen matter, perhaps as black holes, neutrinos, clo 
dust, very faint stars, or substellar objects? If our corner of 
contains a modest number of brown dwarfs, and if our lo similarities in conceptions of a tenth planet expressed by Harrington 
typical (it seems to be), then brown dwarfs nearby wot Yan Flandern, by Whitmire and Matese, and by Anderson do not 
the universe is denser than we have previously detected, secessarily point to the existence of an undiscovered planet. To the ex- 


increase the chances that we live in an oscillating universe. Ant ent that predictions of a tenth planet are based on the irregularities in 
has found very few or no brown dwarfs, that may be impor je motions of the outer planets being real rather than errors in obser- 
that brown dwarfs make little or no contribution toward the; n, transcription, or calculation, the missing planet can have only 


needed to "close" the universe. Perhaps, instead, we li 1rather modest mass because the purported discrepancies in the mo- 
universe, its expansion to continue forever. Regardless o of Uranus and Neptune are so small. Concepts of a tenth planet 
brown dwarfs are found in the IRAS data, as long as Chester] also constrained by the observational work of Clyde Tombaugh and 
the data properly, his findings should have important ii hers engaged in subsequent surveys. To have avoided detection, the 
one of the fundamental questions about the universe. tenth planet must be distant and faint, most likely in a highly elliptical 
The IRAS search may also detect previously unknown: so that it is at present far from the Sun and in a highly inclined 
objects, which is Melnyk’s major motivation for undertak tbitso that it is far from the plane of the solar system where the most 
As for a tenth planet, what could IRAS expect to find? intensive surveys have been conducted. 
and resolution were not ideal for a tenth-planet search, but Clyde Tombaugh's careful search before and after the discovery of Pluto 
ful tool. For example, it could detect Pluto at its present stil so greatly respected that few serious proponents of a tenth planet 
barely. A Pluto-size planet farther away would be invisible {16th magnitude or brighter think that it could be undetected in the 
most Planet 10 hypothesizers are not looking for something th percent of the sky surveyed by him. And to Tombaugh's survey has 
They are searching for something massive enough to bed added the work of Charles T. Kowal. 
and Neptune or massive enough to perturb great numb In1977, Kowal began a new systematic search for undiscovered bodies 
Here IRAS could be of help. It could detect a Jupiter-siz e solar system using the Palomar Observatory's 48-inch (122-cent 
distance of 5,000 astronomical units—more than a hundred | meter) Schmidt Telescope, a photographic survey instrument with 14 
ther out than Pluto ever ventures. Most concepts of Pla nes the light-gathering power of the 13-inch (33-centimeter] astrograph 
a body between the size of Earth and Uranus. Depending on it Tombaugh used to find Pluto. In the course of his seven-year search 
nal heat such an object might generate, IRAS could feel it -vering 15 degrees above and below the ecliptic, Kowal found 5 com- 
of 60 to 250 astronomical units. and 15 asteroids, including Chiron, the most distant asteroid known. 
For Chester and Melnyk, the discovery of a tenth planet v He also recovered 4 lost comets and 1 lost asteroid.'* He did not find a 
pleasant and rather unexpected surprise. But then, says A 


Expanding the - 
Tombaugh 
Search 
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Charles T. Kowal with 
the 48-inch Schmidt 
Telescope at Palomar 
Observatory that he 
used in his survey for 
new objects in the solar 
system. 

Courtesy of Charles T. 
Kowal 


He concluded that there was no planet brighter than 208 
within 3 degrees of the ecliptic. He could have detected a. 
planet out toa distance of 800 astronomical units, about 20 tim 
mean distance from the Sun. He is doubtful that any sizab 
within the 30-degree belt of his survey, although he points 
search took a long time and objects could have eluded him 
out of a to-be-photographed area into one previously ex 
says he wouldn't be surprised if a new planet with a high 
tion were discovered. He notes that when Pluto is atm 


of search. 

Kowal himself has made an unpublished attempt at pre 
tion of a tenth planet and has come up with numbers very $ 
of Harrington and Van Flandern, Powell, and others—a pl 
times the mass of Earth and bright enough so that Tomi 
discovered it. "I spent many years of my life blinking 
plates," says Kowal, "and I know how easy it is to miss $0 


" mic of older prediscovery observations, such as Lalande's two glimpses 
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fis calculations, Kowal notes: "I obtained perfectly reasonable 
lions of the orbit of the unknown planet by using the residuals 
E. and the residuals of Neptune. The only problem is, the two 
‘ations do not agree with each other." He hopes to return to this 
m 
‘wr or seven yearsat the telescope and blink microscope, Kowal formed 
indelible conclusion: A general search for very faint planets such as 
teas conducting is not feasible. It takes too much time and exhausts 
PEW and material resources. Ifa tenth planet exists, astronomers must 
Mamie its approximate position and tell observers where to look. 
icis systematic search for undiscovered bodies in the solar system 
abandoned in 1984. 
"The searches of Tombaugh, Kowal, and others have greatly restricted 
heregions of the sky where a tenth planetis thought likely to be hiding. 
sit what about the theoretical underpinnings of a tenth planet, especially 


nG. Marsden is director of the International Astronomical Union's 
al Bureau for Astronomical Telegrams, astronomy's clearinghouse 
(discoveries of comets, asteroids, moons, supernovae, quasars, pulsars, 
planets. He is an expert on orbital computations. He thinks that prob- 

asin fitting Uranus and Neptune to orbits may be due to the way the 
{ota were taken and that too much reliance has been placed on the ac- 


{Neptune in 1795 and Galileo's plotting of Neptune in 1613, Remember, 
cautions, Neptune has not yet completed one revolution around the 
unsince it was discovered and Uranusis only halfway through its third. 
“tis too early to rule out errors of observation or data transcription as 
im explanation for the disparities. The orbits are not yet known with 
“tough precision to permit the conclusion that the gravity of an un- 
fiscovered planet is disturbing them. 
"The extraordinary flight of Voyager 2 beyond Jupiter and Saturn con- 
‘Jetted the problems in the motion of Uranus and Neptune from a mat- 
‘Fr of theoretical interest to a matter of practical urgency. To fly a 
raft within a few miles of a distant planet's cloud tops and moons 
duse that planet for a gravitational assist to a yet more distant planet, 
necessary to know precisely how both those planets are moving and 
actly where they will be. 
E. Myles Standish, Jr., and his colleagues at the Jet Propulsion 
laboratory faced that challenging problem. The precision of their predic- 


Problems with - 


the Data? 
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tions would have extraordinary consequences. They recaleul, 
bits of Uranus and Neptune. The ephemeris they created fo, 
accurately predicted the position of the planet when 
They hope their ephemeris for Neptune will allow Voyager 2| 
successful when it reaches its final target. The celestial m 
achieved their results, however, only by ignoring observat 
tions of Uranus and Neptune prior to 1910. 

Because Uranus was right where the new ephemeris pre 
be even though it was based on less than one revolution of U 
dish doesn't see any need to explain discrepancies in the n 
outer planets by a tenth planet. He strongly suspects that o 
turies there have been a few undetected errors in the ol 


distant planet. 


GALILEO'S OBSERVATION OF NEPTUNE AND ITS IMPLICATI 


where there is a star shown as an asterisk labeled 
by Dr. E. Myles Standish, Jr., Jet Propulsion Laboratory 


a The distance of a from Jupiter is labeled as 29. 
“The dashed line is continued at the lower right, 
n b443 ran ‘coming to two asterisks, labeled a and b, but with 
Darth. s. qo. al. ce ro numerical measurement given for their separa- 
ies tion, On the page Galileo has written, "Beyond 
=O “fixed star a another followed in the same line, as 
E docs] b, which also was observed on the preceding 
ght; but they [then] seemed farther apart.” 

The Smithsonian Astrophysical Observatory 
idog identifies a as star 4119234. But there is no 
laranywhere near the location of b; Neptune was 
‘there instead. Galileo's diagram for January 28 also 
contains an unusual first-time entry: a solid line 
below Jupiter with two hash marks and the state- 
“ment, "Thisis an exact scale of 24 semidiameters." 
"Present-day computations show that in this 
m, the satellite measurements are accurate 
10.1 semidiameters or better(!), after accounting 
foraconsistent 9 percent scale factor present in all 
Galileo's diagrams. But modern computations 
that the distance to star a, labeled as 29, 
have been labeled 27.4, an error of 1.6, near- 
20 times below Galileo's normal. accuracy. On the 
hand, if we use Galileo's own scale of 24 to 
e Jupiter's separation from star a, we get 
an error of 2.5 from the 29 Galileo noted. 
‘ly, Galileo did not measure this dashed-line 

‘Msstance carefully, nor did he draw it to scale. 
ie Question: Was the distance between 


Nearly two and a half centuries before the dis- 
covery of Neptune in 1846, the astronomer Galileo 
unknowingly observed that planet through his 
telescope, noted its motion in the sky, and drew a 
diagram of its location. This startling fact was un- 
covered in 1980 by Charles T. Kowal and Stillman 
Drake while searching through Galileo's notebooks. 

Galileo drew the object as a background star for 
reference. There is no question, however, that it 
was Neptune. Yet the diagram he drew is ambig- 
uous: Different interpretations have profoundly 
opposite implications. 

In the years after his discovery of the four large 
satellites of Jupiter, Galileo would routinely 
observe these moons, measuring their positions and 
drawing the configurations in his notebook. Occa- 
sionally, he would also show the relative location 
of a background "fixed star," indicating the approx- 
imate direction and distance to the star from Jupiter 
with a dashed line. 

For his entry on the night of December 28, 1612, 
there is no star near where the dashed line is point. 
ing. Instead, the line points unmistakably toward 
the planet Neptune, the first known sighting of this 
distant planet. It is likely to remain so. Neptune can 
be seen only with a telescope, and astronomical 
telescopes had been in use only three years 


Neptune as a background star 


Galileo saw Neptune again on Ja 
(shown here in the diagram he 
three satellites are connected witha! 
their distances (expressed in units o 
diameters) are labeled numerically. 
runs from Jupiter to the lowerleft 


gen more in their handling, The orbit of Uranus has been calculated 
p many different observations using many different reference systems. 
- Jn converting these positions to a common reference frame, errors could 
jly be made. Some checks show conversion errors of 2 arc seconds 
“pore, about four times the amount of the discrepancies in the posi- 
“fons of Uranus that were cited as an indication that it is being disturbed 


“yandish strongly advises against the use of prediscovery sightings of 
Uranus and Neptune because when those positions are discarded and 
culations like those of Adams and Le Verrier are made on the remaining 
“situa, the need for Planet X decreases dramatically. The discrepancies. 
‘at remain are small enough to be explained by observational error.'* 


SAO#119234 and Neptune drawn to scale? If so, the 
distance would have been about 3.6, equivalent to 
3.9 when corrected for the scale factor of 9 percent. 
Modern calculations for the position of Neptune on 
January 28, 1613, put it at a distance of 6.9—a very 
different number. 

The Arguments: The first-time presenceof the 24 
semidiameter scale and the mention that one of the 
background fixed stars seemed to have moved over- 
night indicate that Galileo wanted to follow these 
objects further; he may have drawn the separation 
of the asterisks to scale. On the other hand, Galileo 
consistently labeled his measurements with a 
numerical value, using a solid line when drawing 
to scale and a dashed line when indicating mere 
direction. He used a dashed line here. Unfortunate- 
ly, Galileo did not again observe the two objects, 
presumably because of clouds over the next few 
days. 

The Implications: If Galileo's diagram is indeed 
drawn to scale, as Kowal and Drake believe, then 
the presence of a tenth planet in the solar system 
is almost a certainty. The modern ephemerides of 
Neptune cannot contain an error as large as 3 
Jovian semidiameters (more than one arc minute). 
However, if Galileo did not bother with scale and 
drew the asterisks only to show the alignment with 
Jupiter, then his diagram demonstrates the ac- 
curacy of modern planet position tables—which are 
based on the gravity of only nine planets. 
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Standish has begun an analysis of the older residuals 
irregularities in the observations of all the planets. "Did P 


each one on a grand tour?" he asks pointedly. He has also 
ferences in the irregularities calculated by the U.S. Naval 
the Royal Observatory Greenwich, and the Paris Observa 
very soon to try to reconcile the pre-1910 observations 
orbits by going back to the raw data at the Royal Gree 


the Paris Observatory, and the U.S. Naval Observatory and. 
verting the positions to a common reference system, —— | 


There is no way to absolutely rule out the existence of a 
he notes, but there is no need for one to exist based on th 
the planets. And new planet-position measuring techni 
of great refinements in our knowledge of precise pla 


Socorro, New Mexico, has been observing the planets a 
lengths. The twenty-seven 82-foot (25-meter| dish ante 


railroad tracks to separations as great as 23 miles (37 


PITFALLS IN PREDICTING A TENTH PLANET 
by Dr. E. Myles Standish, Jr., Jet Propulsion Laboratory 


The residuals of Uranus and Neptune do not de- 
mand the existence ofa tenth planet, for there are 
other explanations that are at least as plausible. It 
is easy to ignore the fact that the residuals them- 
selves need reexamination. 

Dothe residuals represent true deviations in the 
motion of the planets? Or can the residuals be more 
simply explained as errors and inaccuracies in the 
procedures of working with the observational 
measurements? 

‘There is a succession of steps involved in deter- 
mining the residuals for a planet: 

1. Begin with the raw measurements. 
Classical planetary position observations 
are made by measuring the altitudes of 
both the planets and the stars and timing 
their transits across the meridian (the 
north-south line in the sky). This step can 


2. Derive the observed po 


planets. These derived ‘ol 
been published and, moi 
been put into computer- 
Many of the raw mi 
been published, while others 
ly in the original obser 
‘These raw measurements h 
ever, been put into coi 
forma task that would 
Calculate the computed p 
isting orbit (ephei 
positions of the planet f 
with the observed positio 
4. Form the residuals, O-C, 
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‘of 0.02 seconds of arc—about 20 times better than standard posi- 


elengths. 


measurements by telescopic photography in the optical 


jj beyond that accuracy are teams of astronomers at the Cali- 


ia Institute of Technology's Jet Propulsion Laboratory and NASA's 
d Space Flight Center. They are using very widely separated radio 


es to determine the positions of quasars to an accuracy of 0.001 
a second. Quasars are the most distant objects in the universe and 
erefore are the closest thing the cosmos offers to a fixed background 


by a further factor of 20. 


thinking back over his discovery of Pluto and his 14 years of planet 


Clyde Tombaugh offered Ten Special Commandments for a 


Be Planet Hunter. The final commandment decrees: "Thou shalt 


gage in any dissipation, that thy years may be many, for thou shalt 
them to finish the job."!9 


> 


5i 


perfect observations and with perfect 
ephemerides, the residuals would be zero. 
Adjust the computed orbit of the planet, 
C tofit the observed positions, O, as near- 
ly as possible, so as to minimize the resid- 
uals. (This adjustment is usually accom- 
plished using the mathematical method of 
least squares, developed by Gauss.) 
Examine the final residuals. What keeps 
them from being zero? Perhaps the catalog 
of star positions still has distortions. Per- 
haps the computed orbit can be further 
improved. When no more improvements 
are possible, one goes on to step 7. 
Other explanations of the residuals. What 
can cause nonzero residuals to a best-fit or- 
bital calculation? A defect in the law of 
gravity? Planet X? 


lar catalogs produced since 1910 have been 


reprocessing the raw measurements of the planets 
using a modern star catalog. 

For the post-1910 data, a lesser alternative has 
been used: updating the published positions using 
general differences found by comparing the 
original catalog with a modem one. For data 
previous to 1910, not even this lesser alternative 
has been applied. The original catalog distortions 
remain embedded in the residuals. 

At best, a few tenth-planet seekers start at step 
5, cranking out new orbits in an attempt to fit the 
observations, Far worse, most begin with step 7: 
"May I get a copy of your residuals?” 

The complete job must start back at step 
2—taking the original measurements of the planets 
and recalculating their positions using modern star 
catalogs. Such an analysis would bring no funding 
or headlines. It would be time-consuming and 
tedious. But until the basic observations (from 
which come the residuals) are processed properly, 


wn to contain significant distortions. Certainly 
tier and cruder catalogs must also contain distor- 
‘tons of similar, if not greater, magnitude. However, 
one has ever gone back to step 2, properly 


never be repeated for a specific observa- 
tion, One cannot go back and reobserve 
the position of Mars in 1850. 


the differences between tht there is no necessity to invoke Planet X. 
bital positions, O, and the 


tal positions, C. In the ide 
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ach an extraordinarily beautiful planet,” said astronomer Richard 
Sef the giant worlds, Neptune, surprisingly, has more visible 
5 E in its atmosphere than Uranus or even Saturn. Only Jupiter, of 
fielour planets along Voyager 2's route, could exceed Neptune in cloud- 


itrasts. 
| JO ya ger 2 a So how strenge to see convection clouds and even eruptive cloud 


jor on a world so far from the Sun. The Sun's heat drives the weather 
patterns on Earth. But Neptune is too distant for sunlight to stir its at- 


significantly. The temperature is almost unimaginably cold— 
N eptu n e " ae (-214°C, 59°K}? If the atmospheric conditions of Nep- 


tune had been like those of Uranus, its globe would also have been a 

featureless blue, with clouds detected only by intense computer enhance- 

Beyond kei e deos 

“spots, and bands. They must be caused not by the Sun but by Neptune 

‘iself—by heat rising from its interior. Uranus has almost as much mass 

1 -) Neptune, yet somehow Neptune radiates into space 2.7 times more 

Im a In ati O teeny than it receives from the Sun, while Uranus barely does better 

than reradiate as much energy as it receives. Why this disparity should 

beisunknown. In fact, despite being a billion miles (1.6 billion kilometers] 

“Our imaginati ih fa ipatii farther from the Sun, the tops of Neptune's cloud deck may actually be 

Gan ue wil ue iMi hort of anticips E “degree or two warmer than the cloud tops at Uranus. The amount of 

Planetary geologist Laurence A. soderblom, 1989 ‘Neptune's internal heat was only one of many mysteries arranged by 
‘Neptune and its family. 


On course, on time, all instruments operating. At 8:56 P 
daylight time on August 24, 1989, Voyager 2 passed Neptun 
miles (4,900 kilometers) above the clouds near its north 
closest approach to any of the 60 bodies it visited during 
journey. The spacecraft was traveling 61,110 miles per hour 
kilometers per hour). Just as planned, the gravity of the giant 
Voyager's path southward toward Neptune's largest moon, 
hours later, at 2:10 AM. PDT on August 25, Voyager made 
flos 8700 Ei oumey asit passed Ton af a “tiese Voyager 2 pictures of Neptune, taken 17.6 hours apart, the 


3 jht), a little more than once around. 
Voyager 2's flight by Neptune and Triton told scientists m E e eene neurean quen duum 
these worlds than they had learned in the century and a halfs d of the Great Dark Spot. 

discovery. Three previous planetary encounters by Voyager 21 ‘The white methane ice clouds associated with the dark spots changed 
scientists to expect surprises, but no one was prepared for dn appearance but remained in the same position throughout Voyager's 


tune and Triton had to offer. Approach. 


T ‘PASW/Jet Propulsion Laboratory 


~ The Beauty of 


Neptune 
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Methane ice clouds 
above the center of the 
Little Dark Spot. The 
appearance of these 
white clouds suggests 
that they are rising. 
The Great Dark Spot is 
spinning counterclock- 
wise (like the Great Red 
Spot on Jupiter), but 
Voyager 2 could not tell 
the direction of spin of 
the Little Red Spot. 
ASA Jet Propulsion 
Laboratory 


E— 


n The Little Dark Spot also had a bright white companion, but this 

How; cloud group was positioned over the middle of the dark spot. 
tune, like all the giant planets, has no solid surface by which to 
the planet's period of rotation. As on all the cloud-draped giants, 

tists on Earth had been able to record clouds on Neptune, RUP ather changes and the winds blow differently at different latitudes, 
proved telescopic instrumentation. Voyager 2 began to see clou jtis difficult to discern the planet's true period of rotation by watching 
tune's atmosphere in January 1989, seven months before ¢ S doud features. The Great Dark Spot spins once around with the planet 
counter. Two months later, it discerned a large dark feature that pe ep shours The Little Dark Spot rotates once around in only 16.0 hours. 
as the planet spun it out of and then back into view again, ic. ifeither, marks the actual length of the planet's day? Light varia- 
Dark Spot changes its elliptical shape and size with each rotat fons on Neptune observed from Earth had led to estimates that the 
planet. At its largest, it is nearly the diameter of Earth. This en t's rotation period was 17 to 18 hours. 
atmospheric turbulence is located 22 degrees south of the "The earlier success of the Voyagers at the other giant planets had pro- 
is spinning counterclockwise, which makes it a high-pressu videda new measure of the rotational cycle of planets with no solid sur- 
much like the Great Red Spot on Jupiter. The similarity betwee faces: the rotation of the planet's magnetic field. Even from Earth, the 
vast, long-lasting storms is strong. In relative size and even locati asistence of the magnetic field of Jupiter could be inferred from its ef- 
tune's Great Dark Spot is a match for Jupiter's Great Red fect on the powerful radio waves that Jupiter emits. Saturn, Uranus, and 

Suspended high above the southern boundary of the Great Neptune were also expected to have magnetic fields, but their radio emis- 
was a bright white feature—thin cirrus clouds of frozen m ons could not be detected from Earth. Up close, however, Voyager 2's 
there the cirrus clouds stayed, despite the tumbling and fle tensors could detect radio waves generated by their magnetic fields and 
Great Dark Spot, perhaps 60 miles (100 kilometers) below. measure the periodic variations of the radio waves as the planets rotated 

The Great Dark Spot was not alone. Farther south, 55 deg en their axes. The magnetic field of Neptune, and hence the interior of 
the equator, was a similar but smaller feature that might be cal the planet where the field is generated, is spinning around once every 


Little Dark Spot. It was no slouch in size, being bigger than t 16.11 hours. 
The spin of Neptune carries all the cloud features in its atmosphere 


from west to east. Yet within Neptune's atmosphere the clouds shift their 


Neptune, Terrile noted, looks so familiar: blue in color, 
clouds casting shadows, like clouds over the oceans on Ba 
simultaneously, it is "incredibly alien." 

It was only in the last few years before Voyager 2's arrival th 


Never before had cloud 
shadows been seen on any 
|. planet beyond Earth. 
Sunlight striking these 
"high-level cirrus clouds 
‘asts a shadow onto the 
| loud pack about 60 miles 
"100 kilometers) beneath. 
Voyager 2 was only 
1000 miles (157,000 
kilometers) above the 
flouds when it made this 
Image, just two hours 
bre it passed closest to 


“Neptune. 
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Magnetics 


positions in response to local winds. As the spots on Nepti was not the strength but the orientation of Neptune's magnetic field 
to view, the Little Dark Spot has pulled ahead and the Great; raised eyebrows. The magnetic field is tilted 47 degrees from Nep- 
has dropped behind—like a race around a track where the ves axis of rotation. Perhaps that peculiar behavior was tolerable at 
their lanes. As they move by the stands after each lap, one "nus, for what could you expect from a planet that lies on its side as 
of the other because they make the circuit at different sp “evolves around the Sun? Upright planets with magnetic fields— 
ty of the Great Dark Spot, the winds blow westward at a „ Earth, Jupiter, Saturn—all have their magnetic axes respectably 
per hour (1,150 kilometers per hour), almost ten times th ned with their rotational poles. And, of course, the magnetic axes of 
ricane winds on Earth, more than twice as fast as winds ose planets pass through or very close to the planets’ centers. 
rivaling the 1,100 mile-per-hour winds on Saturn. Some “Not at Neptune. The axis of its magnetic field passes nowhere close 
on Neptune may reach 1,250 miles per hour (2,000 ki te jtscenter. It islike that of Uranus, but even more askew. Ifa bar magnet 
very near the speed of sound in Neptune's atmosphere—ant ised to approximate the complex magnetic field of Neptune, it misses 
of all atmospheric winds measured in the solar system, center of the planet by 8,500 miles (13,600 kilometers]. Thus, even 
its deepest, Neptune's magnetic axis is closer to the planet's surface 
b " Than to its center. 
With a 16.11-hour day, Neptune is rotating more rapidly th TA magnetic axis passing so far off center indicates that the source of 
Which has important implications for its interior structure, ' nes magnetic field cannot be a core of ionized molten metal, like 
of the planet causes it to bulge slightly at its equator. As Voy "dat of Earth. Such a core would generate a magnetic field by convec- 
Neptune, that bulge created minute variations in the craft “jon within this conductive material. Instead, as at Uranus, the magnetic 


Once those accelerations are painstakingly analyzed, it _jeldof Neptune must originate somewhere well away from the center. 
to estimate how the density of Neptune varies with depth “The most plausible source is water. Water is an abundant molecule in 
rock and how much ice are required to make such a plan fhe outer solar system. Normally it is a mediocre conductor of electrical 


well mixed are these constituents? It may be that the ‘current. But at a depth of 3,000 miles (5,000 kilometers) within Neptune, 
tune and Uranus are not divided into layers like the core, ‘werlying material exerts on the water a pressure 200,000 times as great 
crust of the Earth. Instead, their interiors may be a single | asthe atmospheric pressure on Earth, and the temperature of the water 
gradually becomes denser as the depth increases. #$4,000°F (2,300°C). At this pressure and resulting temperature, water 
In the century anda half since Neptune's discovery, Uran ‘sionized and becomes a respectable electrical conductor. The turbulent 

tune had often been described in textbooks as twins ‘mixing of this conducting fluid produces the magnetic field 
similarities in mass, size, and composition. As scientists ‘To explain this kind of oddly oriented and positioned magnetic axis 
about the two, they had been increasingly able to discri “when it was first detected at Uranus in 1986, some scientists had 
from one another—their axial tilts, their satellite systems, wondered if Voyager 2 had caught Uranus in the midst of a magnetic 
their visible cloud features. Now, from the Voyager 2 fl field reversal. Magnetism in rocks on Earth shows that cur planet ex- 
differences emer; ternal heat, wind speeds. But new. - periences a reversal of its magnetic polarity at irregular intervals averaging 
tended to emphasize once more the twinlike charact "bout every half-million years. It would be a wild coincidence to catch 
and Neptune: internal structure, a system of narrow rings, at ‘Uranus in the process, but maybe. . . 
field orientation and strength. Neptune ruined that idea. Could magnetic field reversals be in pro- 
pessat both Neptune and Uranus? That would have been far too great 

3 coincidence. 

Voyager 2 found that Neptune does have a magnetic field, F The question remained: Why the tilt? Jack Connerney, a magnetic field 
weaker than expected—less than the magnetic fields "investigator on Voyager 2, had been analyzing the problem since the 
Uranus, and far less than at Jupiter. At Neptune's cloud spacecraft had revealed it on Uranus. His models of the current flow in 
from about half to twice the strength of the magnetic field: Telatively weak conductor like water in the mantle region of Uranus 
of the Earth. ‘dicated that the natural result would be a large tilt for the magnetic 
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Both Uranus and Nep- 


tune have moderate Since Neptune was similar to Uranus in composition and mass, he 


magnete] Best that are his colleagues predicted that Neptune would also generate its 
PEE HOM their. field from ionized water close to its surface and that, under 
centers by a water and E. " " " 

ainisiónía mixture: circumstances, the magnetic axis would be steeply tipped.* And 
under so much gravita- it was. 

tional pressure that it "But are the tilted and offset magnetic axes of Neptune and Uranus 


ionizes and conducts 


more than a curiosity? Yes, says Norman Ness, principal 
electricity. This 3 E heels 


tic fields investigator for Voyager. Oblique rotators on a more 
unusual source of a found: here i : H Apul 
magnetic field appears 1 scale are found everywhere in our universe. Stars and pulsars 
to result in a highly in- tron stars) are rapidly rotating, massive objects possessing strong 
clined magnetic axis. 'Rotati ameti fields. Some of these stars and pulsars have magnetic axes tilted 
and a field offset from large angle from the rotation axis. Neptune and Uranus thus offer 
the planet's center. ortunity to study this peculiar phenomenon close up. 


s fairly remarkable, said Terrile, that Voyager 2 was able to record. Fp ——— 
Eius ot Neptune's rings at all. Imagine, he said, seeing something EXChanging One 
vith "half the reflectivity of soot against a black background in a region Ring Mystery 
‘where the light level is 1/900 that of Earth." for Another 
three weeks before closest encounter, Voyager 2 spotted the ring 
ents that had been detected but never seen from Earth. Then, 
week before flyby, Voyager Z's cameras revealed that the arcs of Nep- 
tune are not isolated along empty ring orbits, but instead are parts of 
omplete encircling rings. As Voyager 2 passed Neptune, it looked back 
yard to see the dust in the rings scattering the sunlight most con- 
jously, much like the dust on a car windshield that we never notice 
until we head into the Sun. On closest inspection, Neptune was found 
tohave four complete rings—two thin ones that are relatively bright and 
wns two broad ones that are very faint. The ring order alternates, with the 
Sun ; ‘outermost ring being narrow and the brightest of the four. Sunlight 
vatiered through the ring dust allowed scientists to measure the rings’ 
sitions and particle densities and determine that Neptune's rings are 
justier than those at Uranus, where the smaller particles have been 
ved. 
Gone were the arcs—the three suspected partial rings—that Earth- 
nd astronomers had detected. Alll four rings were complete: the ring 
encircled the entire planet. But, then again, the arcs were there— 
rial bunched together in three places along the outermost ring to 
itten times the density of the rest of the ring. Never before had this 
gree of clumpiness in a ring been observed anywhere in the solar 
m. The arc clumps looked a little like sausages on a string. 
iy had astronomers thought that the rings of Neptune were in- 


Lines of force 
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Neptune 


Eo Sage 


As Neptune, with its equator tilted 29 degrees to its orbit, revolves 

ind the Sun over a period of 165 years, we on Earth see Neptune's 
ings from slightly above, then edge on, then from slightly below, then 
{ge on again. This diagram shows only the two narrow rings. 


Jooking obliquely down on the plane, then seeing it edge-on, then look- 
ing obliquely up at the plane. Hence, to a viewer on Earth, the position 
The three arc clumps in Neptune's outermost ring showed ofan arcalong a ring orbit would have a slightly different angular distance 
Voyager 2 passed Neptune and looked back sunward to see Bine planet as time passes. Without being able to see the rings directly 
scattering the sunlight. How these clumps persist, without sprea or know exactly the position of Neptune's poles, scientists could not 
out along the ring, is not yet known. The rings are so faint tl calculate precisely where the rings lay and therefore correct for the change 
ture Gente crescent of Neptune had to be tremendously in perspective. 

SSE ARH ete E ad es E "Thus two of the three occultations initially regarded as separate arc 
arcs are in the foreground. rings were actually just clumps within the outermost ring seen at dif- 
NASA /Jet Propulsion Laboratory ferent times and hence in slightly different orientations. The other three 
rings of Neptune were never detected from Earth at all." 

And what of the clever and inventive theories to explain how arc rings 
complete fragments? The answer was straightforward. Excel could be stabilized and sustained—the resonances of a moon in an in- 
clumpy portions of the outermost rings, the rings contain so li dined orbit, as postulated by Goldreich, Tremaine, and Borderies, or the 
that they could not dim a background star enough to be Lagrangian Point shepherds of Lissauer? 

Earth. Gone. Scrapped. No inner satellite with a substantially inclined orbit 

But why then did star occultation observations made on ‘was found. No satellite at a Lagrangian Point. And the theories couldn't 
arc rings at three different distances from Neptune rather thar ‘plain the clumpy but complete ring that did exist. "Good theory," mused 
clumps within a single ring? ‘Scott Tremaine. "Wrong planet." 

The main reason was that the position of Neptune's polar: Ttwas back to the drawing board. How could one explain such a clumpy 
known with great accuracy until Voyager 2 arrived. Becat ting? 
rings generally settle into orbit directly over a planet's Hed a satellite of substantial size been overlooked? Unlikely. 
moons (such as Triton and Nereid}, rings cannot long oct Were small, undetected satellites traveling within the outer ring 
are inclined to the equator. As Neptune creeps around the Sut Somehow responsible? 
equator tilted moderately to the plane of the solar system, s Was the clumpiness just temporary—the site of a recent orbital acci- 
see the ring plane from a slowly but constantly changing dent, the collision of two moonlets? Even more unlikely. The fragments, 
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c 
scc particles from accreting by gravity to form a moon. Outside the 
Es P'imit, however, the tidal effect of a planet is less, and those par 
Tis would tend to coalesce into a moon. 
P Because of their locations near their planets’ Roche Limits, Tremaine 
sts, these rings may be near the threshold where their material can 
pst form satellites but cannot quite succeed, creating instead, 
fomehow, rings with relatively dense concentrations that we see as 
clumps: - = 
‘the origin of the clumpy arc segments within the outer ring and the 
way in which they are preserved remain uncertain for now. 


ut what about the two thin rings that Voyager 2 did find at Neptune? 
Dothey at least fit the existing theory that narrow rings are maintained 
jy nearby shepherd moons? That theory had been invented to explain 
the thin rings discovered around Uranus. The theory was confirmed by 
All four complete rings of Neptune were captured in these two. the Voyagers at Saturn when they saw a narrow ring straddled by 
as Voyager 2 looked back 1'4 days after passing Neptune. shepherd moons. It was reconfirmed at Uranus when Voyager 2 
halfway between the two narrow rings, a faint broad ring ex discovered shepherds for the brightest ring. At Neptune, Voyager 2 found 
planetward. Between the inner narrow ring and the o pose jal firmation—and stery. Half the shepherds were 
cent of the planet is a second faint broad ring. The clumps O a = anes BOWnnys e ys P. 
most ring are not visible because when each picture was. missing. 
were on the opposite side of the planet. About 550 miles (900 kilometers) inside the outer narrow ring was one 
PASA /Jet Propulsion Laboratory of the six new moons of Neptune that Voyager 2 found, temporarily 
designated 1989NG (the fourth moon of Neptune to be discovered in 1989]. 
'AL95 miles (150 kilometers} in diameter, it was about the right size and 
ing at slightly different speeds and would therefore spread inabout the right position to accelerate particles dropping inward from 
rather evenly around the planet in a period of only 10 to 20 ye the ring back up toward the ring again. 
be extremely unlikely to catch such a brief and rare event in The inner narrow ring also had what appeared to be an inner shepherd: 
Moreover, it had been five years since the arcs had been di 1989N3, about 450 miles (700 kilometers) inside the ring and 110 miles 
obviously the clumpiness was still there. (180 kilometers) in diameter. 

The outer ring's clumpiness must be relatively stable. It must But where were the outer shepherds for the two narrow rings? Were 
tively maintained. But how? they there, but Voyager 2 failed to see them? Voyager could not have seen 

In trying to unravel the mystery of the arc-clumps within | satellites smaller than about 7 miles (12 kilometers) in diameter. 
ting, ring theorists searched for similar systems among the Weare left with two puzzles, says Tremaine. How are the clumps con- 
that might provide clues. The nearest approximation was the I fined to a small portion of one ring's orbit? And how, with the outer 
Saturn, which appears braided or multistranded in pic shepherds missing, are the two narrow rings confined so that they do 
Voyager 1 and Voyager 2. There was certainly a substantial varia not spread outward to make broad rings? 
density along the ring, although not nearly to the degree fo P Data analysis and theorizing continue. For now, however, the flow of 
tune's outer ring. New data has stopped. Voyager 2 has sailed past Neptune. No new mis- 

Still, as Tremaine observed, both Saturn's F Ring and Neptunes sion to Neptune is planned. But other ringed worlds will be revisited. 
ting are relatively far from their planets. Both are near the Roche NASA's Galileo spacecraft will orbit Jupiter and its meager ring in 1995. 
Inside the Roche Limit, the tidal effects of a planet would p TheCassini mission, planned for launch in 1996, will orbit Saturn. Perhaps 


at slightly different distances from Neptune, would in that cz 
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Moons 
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New Moons for 
Neptune 


The largest of the six 
new moons found at 
Neptune, 1989N1 
replaced Nereid as Nep- 
tune's second biggest 
moon. It is 250 miles 
(400 kilometers) in 
diameter but was not 
seen from Earth 
because it is so close to 
Neptune that it was 
masked by the planet's 
glow. Unlike Triton, 
1989N1 has a black 
Surface covered by 
craters. The rugged 
limb of the moon 
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they or the powerful Hubble Space Telescope [scheduled s that formed closer to Neptune could have survived Triton's in- 

1990}, which will look at Neptune from Earth orbit, can proy Moon. lying that close to their parent planet, they would have to 
information to explain how a ring can maintain such ai ; ynperatively small. 1989N1 may be such a world. 
we need most of all, says Tremaine, is a good idea. 1 "A280 miles (400 kilometers) in diameter, itis larger than Nereid and 

Why all this interest in rings? Because rings seem to be a funda js Neptune's second largest moon. It is nonspherical in shape because 
part of the structure of the universe. Ring systems occur fastoo little mass to pull itself into roundness, even though itand Nep- 
the heavens—in the birth of stars and planets; around neutro ai other small satellites are made primarily of frozen water. 
black holes, the remnants of exploded massive stars; and . says planetary geologist Peter Thomas, that at temperatures 
galaxies with billions of stars, which despite their vast —400*F, water ice is a strong as steel. 
structure, "he shape and dark, crater-saturated hide of this moon indicate that 
interior has not melted or oozed material to the surface to bury the 

‘and smooth the landscape since soon after the satellite was formed. 
“qhe only change comes from the occasional impacts of passing comets, 
which alter the arrangement of craters, and from the energy of sunlight 
"nd charged particles, which darken the moon's surface. 
— 4989N1 bears an impact crater which is 40 percent of the width of the 
"moon itself. That blow must have come close to shattering the satellite. 
probably other moons near Neptune were not so lucky. 

Half the size of 1989N1 and half its altitude above Neptune's cloud- 
"ps not far above the rings—is 1989N2, also dark, crater scarred, and 

Jar in shape. Within the rings are moons 1989N3 and 1989N4, just 
ly smaller. These three may well be the surviving fragments of a 
moon the size of 1989N1 that was broken up by an impact not long after 
“Neptune and its satellites were formed. At least two of the pieces took 
ap orbit closer to Neptune. Because of tidal effects on material so close 
loa massive planet, these moons within the ring system could not have 
formed at their present distances from Neptune. 

That iseven more the case for still smaller moons 1989N5 and 1989N6, 
"Which lie even closer to Neptune's atmosphere and deeper within the 
fing system. They are probably the resettled remains of a satellite 
destroyed by a comet even more recently, perhaps within the last half- 
tillion years. 


Voyager 2 added six new moons to the two already known 

Of the six new moons, the two largest lay outside the ring 

the other four lay among the rings. [ 
All thenew moons were significantly closer to Neptune 

No new moons were discovered near or beyond the orbit of 

were they expected. Triton's orbit around Neptune, opp 

tion from all other large moons in the solar system, sugges 

was not formed with Neptune but was captured by the pl 

and its original moons were formed. Triton's gravitational 

toa stable satellite system and its travel in the direction o 

of one-way satellite traffic led to head-on collisions that d 

of the original moons and to near-misses that gravitationally alte 

orbits of others so that Neptune subsequently accelerated then 

the system. i 


the width of t 
NASA/Jet Prop 
Laboratory Before 1977, only one planet in our solar system—Saturn—was known 


o have rings. Seven years later, all four giant planets were recognized 
45 possessors of ring systems. At last, rings could be compared: broad 
tings, narrow rings, rings dominated by large particles, rings composed 
mostly of dust. With Voyager's close-up pictures of the rings at Jupiter, 
Satur, Uranus, and Neptune, astronomers began to wonder if they were 
Seeing four different stages in an evolutionary process. 

More and more it seemed that magnificent ring structures like those 


The Cosm 
Moon Processor 


Uncooperative 
Nereid 
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of Saturn were evanescent, created by a collision between moe pa milion kilometers) from Neptune when the spacecraft passed by, 
tween a moon and a comet that spreads debris in its (47. revealed only its approximate size and reflectivity: 210 miles 
would take form rapidly in the aftermath of a disaster and = iDkilometers] in diameter [the distance from Washington, DC., to New 
over millions of years as the ring particles continue to col and dark gray in hue, reflecting only 14% of the light falling on 
one another, and lose altitude until they plunge into their p ‘orc one and only picture of Nereid that Voyager 2 took showed a half- 
mosphere. If so, Saturn's ring system is young, perhaps | ted face that covered only 20 pixels. No features were discernible. 
a billion years old. In this scenario, the rings of Uranus we Tae age could not even resolve whether Nereid was round or not. 
with most of a once-grand ring system gone, having spir ‘ith its wildly elliptical orbit and a surface brighter than the surviv- 
particle into Uranus. Of course, much would depend on. sproriginal moons, Nereid seems to have been captured by Neptune 
satellite sacrificed, but the ring system of Uranus alread) ing sme after Triton was nabbed.’ By spending most of its time far 
skeleton. sn Neptune, Nereid escaped fragmentation by comets that were at- 

Still more meager—10,000 times poorer in material—is N Ao ed to Neptune and accelerated by the planet's gravity for maximum 
system, and Jupiter's ring is about a hundred times less s I act damage. Internally, Nereid has probably changed little in the 3.5 
Neptune's. The rings of Neptune, like those of Uranus, years since the greatest bombardment of cometlike planetesimals 
tainly derived from the breakup of its inner moons b ded, although its surface gradually changes as comets smash into 
moons and the ring particles have the same blackish color, tand erase old craters by the formation of new ones. 
5% of the light falling on them. 

But the fading beauty of planetary rings is renewabl 
has a supply of nearby satellites. At any time a new collisio b. mir 
vide a giant planet with a new ring to vival Setare th preliminary moon-designation system [1989N1 through ed A Moon 
must occur close to the planet, near or within ib RM that Voyager 2 discovered six new moons at Neptune. One of them, Rediscovered 


r, had been detected previously, although it had never been direct- 
Tn 1981, Harold Reitsema, William Hubbard, Larry Lebofsky, 
David Tholen were making measurements from two different 
pes as Neptune nearly passed in front ofa star. They were search- 
"infor rings at Neptune. A ring system too faint to see telescopically would 
n less reveal its existence if it caused the star to blink briefly and 
mmetrically on both sides of the planet as the rings occulted the 
light. As Neptune approached, the star was eclipsed for 8.1 seconds, 
i there was no eclipse after Neptune passed. The astronomers pro- 
that they had seen a previously unknown moon. If so, it was an 
satellite, that moon would measure 240 miles (386 ki rdinary piece of luck. At any one time, the chances of having that 
Within its Roche Limit, Neptune has moons ranging from 3 on in just the right position to occult the star were less than one in 
(54 to 180 kilometers) in diameter. And millions of con thousand. And there was no way to repeat the experiment to confirm 
way. It is not a matter of whether a collision will occur, 
"Rings are like perfume,” smiles André Brahic. "They gi 
formation from a tiny bit of material.'"* 


the Roche zone (typically 2.5 times the planet's radius, me 
its center], the fragments from a demolished satellite wo 
accrete to form the moon anew. Within the Roche Limit, 
of the planet would prevent reaccretion, leaving the deb 
out across and along the moon's former orbit. 

Neptune is an especially good candidate to generate an a 
ring system, says ring specialist Carolyn Porco, becaus 
substantial satellites inside its Roche Limit. If these moons we 
one body, it would have been 160 miles (260 kilometers] 
For comparison, if the material in Saturn's rings were rer 


"Three years later, the "arc rings” of Neptune were discovered and the 
Proposed third moon was reexamined to see if it might have been an 
arly arcring sighting. Most astronomers supposed that it was. But 
Reitsema held tenaciously to his original conclusion that the brief eclipse 
had seen was a moon not less than 110 miles (180 kilometers] in 
Nereid, the smaller of the two moons of Neptune known b meter. 

2's visit, was camera-shy when Voyager came calling. Its orbit | Fight years after the strange occultation, Voyager scientists were com- 
elongated of any moon in the solar system, placed it 2.9 mill g the arc-ring sightings from Earth with the reality of the clumpy 
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Neptune's moon 
Larissa 


Triton: A 
Climactic Finale 
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arc segments that Voyager 2 found at Neptune. All of the, roviding a passive target for 3.5 billion years of kamikaze com- 


uiid 
sightings could be accounted for but one. The 1981 Sighting, F of itself, Triton was expected to be a dead world. 
to no clump in Neptune's outer ring. It was too far 3 


i il here. 
from th re Voyager 2 arrived, Triton was known to have an atmospl 
stead, located at that distance was moon 1989N2. When fi BE tenuous Only at Neptune's distance from the 2m oun as mom 
calculated the motion of 1989N2 backward eight years, ity M all hold an atmosphere at all. Four large moons pe a po m 
to the position where the star had been occulted that it ofcourse, the Earth's Moon is larger, but the Sun's saat T 
culprit—regardless of the long odds against it. á dons up to 250°F [120°C] for our Moon; about -250 [ If 
The International Astronomical Union chooses nan er's satellites) accelerates any gas particles to speeds too great for 


discovered moons to preserve the established tradition of na 
relevant mythology or literature. In anticipation that 
find new moons at Neptune, a pool of names from Nep 
and ocean lore was ready. 
Because of their discovery, Reitsema and his colleagues 
to pick from these names. 1989N2 will be Larissa, a lov 
Neptune—an appropriate name from mythological traditi 
with quiet personal relevance since both Reitsema and 
daughters named Laurie. 
Thus Neptune satellites 1989N1, N3, N4, NS, and N6 (wh 
are finally chosen for them) will go down in reference bool 
discoverer listed as Voyager 2. As its discoverer, however, Lz 
show "Reitsema, Hubbard, Lebofsky, and Tholen; confirm 
ae 
How did it feel when Voyager 2 confirmed the moon he 
never gave up on? Said Reitsema, "Very satisfying." 


moons to retain them by gravity. On Triton, however, where the 
perature is close to ~400°F, molecules move relatively slowly, so 
‘futon can retain some of the gases that sublime from ices on its surface. 
Eo js one of only two moons in the solar system to retain an at- 
mosphere. The other is Saturn's Titan. Both atmospheres are composed 
diitrogen and methane. When the Voyagers flew by Saturn and its 
‘Goons, a thick haze of reddish hydrocarbons shrouded the face of Titan 
fom view. Scientists hoped that Triton's atmosphere would be 
"[ansparent and reveal what modest Titan kept hidden—the interaction 

wen the atmosphere of a satellite and its surface. —— 

At Triton's distance from the Sun (three times farther than Titan], the 
dyirocarbons, most of the methane, and even much of the nitrogen were 
spected to lie frozen on the ground. If Titan were moved to Tritor's 
distance, most of its atmosphere would freeze and fall to the ground as 
“sow tinted reddish by the hydrocarbons. ^ : 
| In the decade before Voyager 2 reached Neptune, Triton changed in 
‘lor from slightly reddish to pinkish white. Fears rose. Were clouds 
| gathering to obscure the landscape at precisely the wrong moment? 

Voyager would have only one brief close-up glimpse of Triton. It could 
"oot linger. It could not return. i 

As Voyager 2 drew closer, its pictures began to show mottling, then 
distinct features. Unbelievable features. Worry turned to wonder. Frac- 
moons of Uranus. In that cold realm, methane (CH,) Bees extending for hundreds of miles. Terrain warped to resemble the 
Ultraviolet light from the Sun and energetic particles and | fid of a cantaloupe. And most remarkable of all, a number of com- 
space would break the carbon-hydrogen bonds and carbon wo | paatively dark streaks on the surface extending up to 100 miles (160 
with itself to build more complex hydrocarbon molecu! Kilometers) in length. : ; 
to be reddish or blackish in color. The lakes of liquid nitrogen postulated by Dale Cruikshank did not 

Triton, however, is smaller than was expected and is ist.” The temperatures were just too low. But the reality of Triton 
reflective objects in the solar system. In fact, Triton reflet | Was no less exciting. 
that it stays extremely cold: at —391°F (-235°C, 38°K) it is 
natural body ever measured in the solar system. ( 

Because neris to be cold, this pup. world A network of fractures criss-crosses Triton. As much as 20 miles (35 
to be inactive. Perhaps it would bear evidence of the tortureit Klometers) wide and 600 miles (1,000 kilometers] long, they resemble 
long ago when it was captured by Neptune and melted by lle parallel ridges seen on Jupiter's moon Ganymede. When Neptune 
But after a cooling period of about a billion years, its surface &ptured Triton, the tidal strain must have melted the moon. ton 


"The most exciting satellite we've seen," said planetary 
Hamilton Brown of Triton. "It's a beaut." 

Triton was known to be a large satellite, but how large 
perhaps bigger than our Moon. Some thought it would be: 
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ASIGHTSEER'S GUIDE 
TO TRITON. 

MASA/Jet Propulsion 
Laboratory 

Voyager 2 mosaic 


What's this? These white-rimmed dark patches 
lic in the most heavily cratered region visible 
on Triton. Unlike the craters, these dark 
features cast no shadows, so they must be 
rather flat. More can be seen in the 
background. Are they the cryogenic equivalent 
A network of fractures crisscrosses Triton. S of Yellowstone's hot pools, where fluid is oozing 
miles (35 kilometers) wide and up to 600 miles ( $ " to the surface and nitrogen is freezing as a 
kilometers) long, these faults may be caused bya S white ice at the edges? 
mantle that froze, expanded, and cracked the € 1 NASA/Jet Propulsion Laboratory 
of Triton. The fractures here are about 6 miles (I 

kilometers) wide. 

PASA /Jet Propulsion Laboratory 


dof the sleeping geysers. The 
streaks are windblown debris 


n's unique 

‘About 50 of these dormant 
features are visible in this 

. Voyager 2 caught Triton at 

ig thaw, as its southern ice cap 

receding. Summer will begin in 

year 2000. 
Jet Propulsion Laboratory 


The “cantaloupe” terrain on Triton. These unique round 
sions with raised rims are too regular in spacing and si 
pact craters. The larger dimples average about 15 mil 
kilometers) across. Voyager 2 took this picture from 25, 
(40,000 kilometers). its closest approach to Triton. 
NASA/Jet Propulsion Laboratory 


Active geyser on Triton. This picture has been turned upside down with south at the toj 
/5o that the geyser plume, rising 5 miles (8 kilometers) straight up, and the ejected 
debris, extending downwind 100 miles (160 kilometers), are more easily seen. 

NASA/Jet Propulsion Laboratory 
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gradually cooled and froze from the outside in. The moo 
mostly water, a molecule with a most unusual characte t 
when it freezes. This expansion could have cracked Triton's surfe 
ing ridges at the sides as oozing fluid froze. 

No impact craters interrupt these faults, so the fractures 
occurred fairly recently. The cracks we see are probably less tha 
years old. 

Formed even more recently, however, are the “dimples” 
taloupe" terrain. They appear in places to alter and even over! 
indicating that they are younger still. 

Nothing quite like this dimpled landscape has been seen 
else in the solar system. These roundish depressions with 
are not impact craters. They are too regularly spaced and 
same size. The larger dimples average 15 miles (25 kilometers) 
and have rims as much as 1,000 feet (300 meters) high. Ca 
rain covers much of the equatorial region of this bizarre 
cause is not yet known, but seems to be related to the seep 
fluids from underground. 

Flooding has also taken place within giant basins on Tr 
depressions, up to 120 miles (200 kilometers) across, 
comet-impact craters that have been filled and smoothed 
viscous liquid from Triton's interior that molded the m 

The rims of the flooded craters and the prominences: 

3,000 feet (1 kilometer) above the surrounding terrain, addit 
that the molding fluid is primarily water, which is rock- 
temperature on Triton. Nitrogen and methane ice are clo 
their melting points on Triton that they would be too mı 
such heights. 

But how could so small and cold a world as Triton have an 
warm enough to produce some sort of icy lava? 

From the paucity of impact craters on its face, it is clear 
has somehow managed to erase the intense cratering that it 
ing its formation and through its first half-billion years as 
and moons absorbed a beating from the left-over planetes 
and almost all the other satellites in the solar system still 
of those early days—regions saturated by craters. Of the five 
in our solar system, only Jupiter's Io and Europa and Neptune 
have entirely erased their densely cratered regions. And Triton 
the smallest and coldest of the three. 

It is stranger still because Triton is not caught, as Io and 
in the middle of a planet-moon tug-of-war that generates 
the satellite interiors. In the case of Io, Jupiter holds one face: 
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toward it so that as Io passes beneath the more distant moons 
and Ganymede, these sister satellites try to twist Io free of Jupiter's 

"ok, thereby contorting and heating the interior of Io until the pressure 
“ithe liquids and gases force them explosively to the surface. Europa 

7 jences the same kind of strain but to a lesser degree. Its surface 

like a billiard ball made of ice with cracks in it. Neither lo nor 

dona has any visible craters, so internal heat must change the surface 

] ofthe! moons so steadily that craters are erased as fast as they are formed. 

|" How is Triton, substantially smaller and colder than Io and Europa 

"and without the gravitational interference of large moons nearby, eras- 
agits craters and molding a new face for itself? 

"The answer lies in Triton's density and peculiar chemistry. Far from 
“feSun, ices predominate and moons typically have densities not much 
geiler than one gram per cubic centimeter—the density of water. They 

“gust be composed of roughly equal amounts of water and rock. Triton's 
“density was surprisingly high—2.05 grams per cubic centimeter, or twice 


I le density of water. Water is still there in abundance, but Triton must 


te about 70 percent rock. When Triton melted after its capture, most 
‘dithis heavier material must have sunk toward the moon's center to form 


Triton covers its scars. 
‘These two depressions 
(center and top), cach 
the size of Switzerland, 
may be ancient comet 
impact craters. The 
basin floors have been 
flooded by material 
from Tritor’s interior 
that spilled over the 
rims in places. Terraces 
indicate faulting and 
collapsing as well. A 
solitary impact crater 
within the central basin 
testifies that Triton has 
resurfaced itself 
recently—otherwise the 
landscape would be 
covered with craters. 
The rough terrain near 
the basin's center may 
be the site of the most 
recent eruption of 
material. 

NASA/Jet Propulsion 
Laboratory 
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shadows, so they must be rather flat. Maybe, briefly, there are lakes of 
fiquid nitrogen on Triton after all, as Cruikshank suggested. But, if so, 
they are fed from deep underground: Triton’s equivalent of a hot spring— 
which Voyager saw frozen over. Ellis Miner, Voyager deputy project scien- 
{ist likens them to the hot pools at Yellowstone National park, filled by 
internally heated fluid. Included in that liquid mixture was nitrogen, 
which evaporated when it reached the surface, drifted away from the 
vent to the cooler surroundings, and then snowed out around the edges 


of the frozen pool. 


Flying low over Triton, simulated by computer. The same vie! Voyager 2's arrival caught Triton as summer was about to begin for its 
previous page, but the light and shadows in that picture hi southern hemisphere, as the Sun was shining most directly on the 
used to compute the height, depth, and slope of the features latitudes farthest south of the equator. 
nm Filio ied eniin pe convened inig ec The Earth has permanent ice caps made of frozen water at both poles. 
flooded basin at the left is 9 miles (15 kilometers) in Ga ‘As the seasons pass and winter settles in for the northern hemisphere, 
highest ridges rise 5,000 feet (1 kilometer) above the basin fi snow falls and covers the ground farther and farther southward from 
Sunlight from the south illuminates the northern slopes. Verti thenorth pole. A temporary (seasonal) ice cap advances southward. As 
has been exaggerated 20 times. spring returns to the north, the snow gradually melts and evaporates. 
ASA Jet Propulsion Laboratory The ice cap recedes. 
Meanwhile, winter approaches for the southern hemisphere. Water 
arocky core perhaps 1,250 miles (2,000 kilometers) in dian freezes out of the atmosphere onto the ground, and the south polar ice 
the core is a mantle about 220 miles (350 kilómeters) in dep cap expands northward for a time. 
mostly of water. As Triton cooled, this water mantle froze to Itis that tilt of the Earth's axis that primarily controls the seasons. So 
‘Trapped in the rocky core were radioactive elements wh to0 at Triton; the tilt of its axis as it revolves around Neptune and as Nep- 
been gently heating the interior for billions of years. The tune revolves around the Sun exposes first one hemisphere and then the 
but it may be enough in a watery world. At a depth of 120 tod other to the more nearly vertical, and therefore more warming, sunlight 
(200 to 300 kilometers) in the ice mantle, the temperature sho over an extended period of time. As on Earth, the polar ice caps of Triton 
~145°F (~98°C; 175*K) still far below the melting point N. alternately expand and contract. But there isa difference. The migrating 
mixed in with the water would be a little ammonia (NH a gas that forms the ice cap is not water but primarily nitrogen, which 
methane (CH,|. The water-ammonia mixture has a mel freezes only when the temperature dips below ~346°F (-210°C, 63*K]. 
—145°F and so this ice mixture would melt into an extremel Anda year of seasons at Nepture—once around the Sun—is almost 165 
that could force its way to the surface and flow across a basin Earth years in length. Winter lasts more than 41 Earth years. During its 
of its viscosity, well up to form a mound or ridge before it fall and winter, each pole is without sunlight for 82.5 years. 
fluid that wipes away the craters and old features on Triton m Voyager 2 arrived at Triton as the southern hemisphere was bathing 
other than ammonia water, the common household floor- in the sunlight of late spring. In another decade, about the year 2000, 
But this cryogenic volcanism is far from the last of Triton's Summer would begin. The nitrogen ice was vaporizing, and so the rag- 
efforts at do-it-yourself face-lifts. Near the edge of the recedi ged edge of the highly reflective pinkish-white ice cap was retreating 
ice cap are several comparatively dark patches surrot southward toward the pole, revealing darker, redder ground beneath. 
borders. Unlike the nearby impact craters in this most heavi With Neptune's equator tipped 29 degrees to its orbit around the Sun 
region of Triton, these white-fringed black patches cast 4nd Triton's orbit tipped 23 degrees to Neptune's equator, the Sun can 
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as Voyager 2 approached Neptune, its pictures of Triton's southern 
 pemisphere began to show comparatively dark streaks on its highly reflec- 
tive icy surface. They were as much as 100 miles 160 kilometers) in length 
and about one-third that wide. Their appearance suggested that debris 
pad originated from one end of the streaks and had been carried by wind 
before settling to the ground. There were dozens of these features. 

‘The Voyager 2 imaging team sat bold upright, stunned. They were look- 
ing at evidence of volcanism in the very recent past. It had to be. 

- Triton is largely covered by nitrogen ice with a trace of methane mixed 
jp Frozen nitrogen and methane are both white. But the ultraviolet radia- 
tion in sunlight and fast-moving charged particles from space striking 
‘methane would transform it into larger hydrocarbon molecules, reddish 
or blackish in color. 

‘The change in seasons on Triton would cause nitrogen to vaporize in 
thesummer hemisphere and freeze in the winter hemisphere, thereby 
steadily covering the comparatively heavy, dark, hard-to-vaporize 
hydrocarbons. For dark material to be lying on top of the white ice, it 
had to be deposited very recently—most likely within the current Triton 
seasonal cycle. A year of seasons on Triton is one circuit of Neptune 
around the Sun—165 years. 

There were dozens of dark streaks on the visible half of Triton. The 
existence of the dark streaks said that whatever was happening could 
not have happened long ago. The number of dark streaks said that 
whatever was happening was occurring frequently. It might be happen- 
ing now. 

‘The Voyager 2 encounter was over. Imaging team members returned 
'lotheir home institutions with a profound sense that a major discovery 
lay before them as they carefully analyzed the images. 

Atthe US. Geological Survey in Flagstaff, Arizona, planetary geologist 
Laurence Soderblom was searching for active vents by looking for clouds 
inthe atmosphere attached by plumes to the ground. Such clouds might 
best be seen near the limb of Triton, where they would stand out above 
the horizon. 

Among the 200 pictures that Voyager 2 took of Triton were views of 
the same terrain seen from different angles as the spacecraft passed by. 
A month after the flyby, Soderblom was examining these images 
stereographically by projecting a limb view onto an earlier global view 
Muestra bue m n POSU orbit pe lo see if the features coincided, which would have meant that nothing 

un rees to Nel BAY: 
Therefore; when Uic edid for THU T ner a changed from. one picture to the next. All the features did indeed 
the Sun is directly overhead at a position 52 degrees south of up. . . except for five dark clouds. Soderblom and coworker Tammy 
equator. Half a Neptune year later (82% years), the season: _ Becker tried to maintain their scientific composure while everything in- 


and the Sun is shining directly down on a position 52 degrees. Side of them wanted to jump and shout. 
Triton's equator. 


stand overhead on Triton as far as 52 degrees north or south. 
On Earth, the Sun never stands overhead beyond 23.5 deg 
equator. 
Much of the southern hemisphere was covered by hij 
frozen nitrogen from the 41-year-long Neptunian fall. 
tional years of the Neptunian winter. The pictures showed 
of the seasons. The ice was vaporizing. In the extreme 
the atmosphere at Triton's surface, nitrogen cannot be a liqu 
ice goes directly from a solid to a gas. 

As the winds carry the gas into the sunless winter skies 
northern hemisphere and beyond, the slightly cooler ter 
the gas to freeze once more and settle to the ground to forma 
them ice cap, in a blanket perhaps 6 to 9 feet (2 to 3 meters] 
this way, Triton endlessly lays down and removes its s 
steadily changing its appearance. 
From the vaporization of this ice cap, Triton deris 
atmosphere—more than 99.9% nitrogen, with just a trace 
This atmosphere exerts on Triton only about 1/60,000 the air 
found on Earth." The atmospheric pressure at the surface 
thus equivalent to the Earth's atmospheric pressure at an all 
50 miles (80 kilometers), the height at which we see "sh 
[meteoroids), flecks of rock and ice the size of grains of s 


by friction as they collide with the rarefied top of the Earth's 
veil. 


"The Greatest 


Surprise of All 
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There, from a dark-colored spot, a column of even darker prom what source then could geysers on Triton derive their energy? 
tended almost straight up for 5 miles (8 kilometers) and ther The crucial realization was the location of the geysers. Both of the ac- 
horizontally in a narrow column for 90 miles (150 kik E sers and all the geysers suspected to be active lie at or very close 
An eruption in progress. Triton was a world of active volcani fethe subsolar point, the position at which the Sun at noon stands directly 
the third (after the Earth and Jupiter's moon Io) to be oerhead and hence warms the ground most effectively." 
solar system." Energy from sunlight? At Triton, 30 times the Earth's distance from 
te Sun, not much solar energy is available. But at Triton not much energy 
required. Because of how cold it is that far from the Sun, the chemistry 

What to call this feature? Earthly words seemed inadeqi “of Triton is special. Triton is so frigid that even nitrogen, which resists 
like this had ever been seen in the solar system. Volcano? "freezing until the temperature sinks below —346*F (-210*C, 63°K), lies 
“gests an explosive eruption of molten lava. Geyser? Clo frozen on the surface. 
public, geyser implies the ejection of liquid water. a he locations of the dark streaks that mark the fallout from recently 
which hot gas escapes}? No fumarole on Earth sends plu active geysers tended to confirm this hypothesis. These streaks were 
to the sky, leaves trails of airborne particles extending cated closer to the equator, where the Sun had been overhead just a 
wind, and deposits a blanket of relatively dark debris on the gro years earlier, perhaps triggering those eruptions. Apparently this vent- 
a path extending away from the vent for 100 miles. À (jg must wait for the arrival of the Sun overhead to contribute the slight 
With some discomfort, the scientists began describing t additional energy needed. 
as geysers. The mechanism involved trapped gas buil Robert Hamilton Brown was also looking at the dark streaks, They 
meant volcanism, he was confident, but what was the mechanism? In 
a display at Yellowstone! j +4986, as Voyager 2, then at Uranus, was furnishing yet more data about 
"icy satellites of giant planets, he and Dennis Matson used a computer 
{model the effect of sunlight beaming down on ice. Why should some 
So the identification of the long dark streaks as volcano gnall satellites melt themselves? The prime example was Saturn's icy 
correct. Scientists had expected to find on Triton some "white moon Enceladus, whose surface has obviously been shaped by 
facing in the past, based on the gravitational torture that T “Aguds flowing from the interior. The internal heat calculated for this 
undergone in its capture by Neptune nearly 4.5 billion yea “00-mile (500-kilometer] diameter moon seemed insufficient. Was there 
form of volcanic flow in bygone eons was a possibility. fasupplementary cause? 7 
distance from Triton shrank, its pictures increasingly - Brown and Matson looked at their computer results. At first they didn't 
moon was short on craters, indicating that its surface was f - lieve them, Sunlight passing through nearly transparent ice would heat 
than the age of the solar system—in places well under a bill the subsurface. ———- 

But noone expected that this modest-size world would re _ Brown was as surprised as anyone on the Voyager team as Tritor's dark 
eruptions in progress. And not just one active geyser. "steaks loomed into view. They had to have been laid down recently. They 
ond geyser spouting, And there were clouds above what w | peared to be windblown from specific spots. Could they be volcanic? 
certainly three more geysers in eruption. As Voyager 2 sp Nithonly the suspicions aroused by the dark streaks, and a month before 
Triton and looked back to see the moon as a thin crescent) “idence of active volcanism was found, Brown proposed that Voyager 
other side of the planet, it could see five more dark stress had indeed found volcanism and offered a surprising but very plau- 
suspended above Triton's limb—indications of still more ible mechanism for eruptions. 

But what could be causing active volcanism on such a E Imagine a yard (meter) or two of frozen nitrogen lying on top of a water- 
What exactly had Voyager 2 seen? ‘te crust that contains frozen methane darkened by exposure to ultraviolet 

It was not earthly volcanism, with molten rock and gases ‘ght from the Sun and charged particles from space. Sunlight penetrating 
bon dioxide, and sulfur compounds. It was not the volca rough the clear nitrogen ice is absorbed by the darker material beneath, 
its Sulfürcüs gases ‘fenerating heat. But the heat is trapped by the overlying nitrogen ice, 
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which is transparent to visible light but a poor conductor 
as the glass in a greenhouse allows sunlight to pass throu 
the interior, but keeps the heat from escaping. The trapped, 
the underlying material and vaporizes some of the nitrog 
it." The gas pressure builds. It is very slight—only 1/1) 
pressure on Earth—but it is more than enough because the 
pressure on Triton's surface is 100 times weaker still. 
force its way upward toward the surface through cracks 
ice cap as the pressure mounts. 

Then the cap blows off like a cork from a champagne b 
blasts skyward in a firehose column at perhaps 225 miles 
meters per second), carrying with it fine crystals of 
the geyser vent. 

"Make no mistake about it,” says Brad Smith, Voyager 
leader. "These events are violent." The nitrogen 
explosively— like pulling the trigger on a fire extinguisher fille 
bon dioxide. "You wouldn't want to stick your face into oneo 
vents when it was about to go off." 

Once aloft, the ascent of gas and particles continues, retardedb 
gravity but aided by their buoyancy. Atmospheric scientist An 
gersoll explains that, after ejection, the plume rises in part. 
density buoyant parcel—like a puff of smoke ascending fr 
a smokestack or a hot air balloon climbing into the sky, 

‘To judge by the two active geysers, the gases rise straight 


to leave the solar system. "^ 7 


A last look back. Neptune and Triton recede into the 
distance as Voyager 2 hurtles outward three days after 
closest encounter. Voyager used Neptune's gravity to 
deflect itself southward toward Triton at an angle of 48. 
degrees to the plane of the solar system. As it departs, 
Voyager 2 sees the night sides of Neptune and Triton, but 
is also looking up toward those worlds, so it sees a little of 
their south polar regions in sunlight, creating crescents 
Side by side. From the Earth, we never have a view like this. 
NASA /Jet Propulsion Laboratory. 


"Spectacular!" exclaimed Caltech planetary physicist David J. Steven- 
son. "We never expected to see anything like it." 
"Wow!" said planetary geologist Laurence Soderblom. "What a way 


(8 kilometers), then are caught by winds and carried horiz 
from their source. It is the darker hydrocarbon crystals carti 
by the nitrogen gas that give the rising column and downwind 


EPILOGUE FOR VOYAGER 2 


Voyager 2's planetary mission is complete. It is now 
‘emberked on its interstellar mission and a journey 
through the ages. 

Onits Grand Tour of the giant planets, Voyager 
2visited 60 worlds—25 of them for the first time, 
16 of them previously unknown. 

The cost of the Voyager project (both Voyager 1 
nd Voyager 2) was $865 million, or $3.60 for every 
American citizen—the price of one lunch at 
McDonald's 

Never again within our solar family can there be 
i mission like Voyager 2—first to explore four 
planetary systems on a single flight, first to enter 
the realms of Uranus and Neptune, going where 
Mone had gone before. This crippled spacecraft sur- 
Jived beyond all expectations and arrived at its 


dark streaks that first marked these features as volcanic. 
Curiously, these dark imprints of volcanic activity may | 
volcanism going. As the Sun stands over a portion of Tri 
ice cap, the sunlight triggers perhaps thousands of nitrogen 
from vaporizing nitrogen ice at the surface and from the 


summers. Gradually, the seasons change and once again the $ 
in the skies, penetrating 6 feet (2 meters) of the nitrogen i 
the dark layer that represents the ejecta from last season's 
geyser. Thus the geysers may perpetuate themselves: out of tl 


destination a better spacecraft than when itleftthe 
Earth— because of the tenacity and imagination of 
human beings. 

No finer first reconnaissance could be imagined. 
And no more meaningful and lasting tribute to the 
builders and operators of Voyager 2 could exist than 
that the quest continues with new instruments on 
and above the Earth and with new probes sent to 
the outer reaches of our solar system. 


"The mission expenditures for development and operations of Voyager. 
1 and Voyager 2 were spread over à 17 year period from 1972 to 1989. 
Thusthe annual cosi to each citizen ofthe United Sates was about $20 
or about half the price of a candy bar per year. Figures from Charles 
Kohlhase, ed., and the Voyager Mission Planning Staff, The Voyager 
Neptune Travel Guide (Pasadena, California: NASA\Jet Propulsion 
Laboratory, 1989). p. 135. 


they rise again, one geyser descending from the last and fa 
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‘The gas giants Jupiter and Saturn, however, do preserve part of that 
"formation. Their compositions, so similar to the Sun, tell us something 
the cloud of gas and dust from which our solar system coalesced. But 
"eir masses have engendered such internal heat that they have changed 
Pnsiderably from that primordial cloud. 
‘The farther out we go, the more primeval conditions become—the cold 
dark before our Sun began to shine. Here we reach the horizon of 
and bodies too small to have induced great change within themselves. 
“ere, if anywhere, lie the clearest, carliest clues of our origins—and 
ips the origins of other planetary systems that we cannot see directly 
ut which we suspect surround the stars in great profusion. 


Cosmi 
e 
Archives: 
M — Inthecomets, we may have planetesimals, the small accretions of ice 
flecks of rock from which all the larger bodies throughout the solar 


; “gstem—the major and minor planets and the moons—began to form. 

Wh at the O uter S O| {n Pluto and Charon and perhaps in Triton and Nereid, we may have 
É [he sep that followed planetesimals in planet construction—bodies grown 

S stem C Te ll U * more than large enough by gentle adhering collisions of planetesimals 
y: an le 3 enhance their growth by gravitational attraction. Then, in Uranus and 
‘Neptune, we find monuments constructed from trillions of cometlike 

. planetesimals, so large that hydrogen, helium, and other gases from the 
f nebula collapsed onto them by gravity to build giant planets with 

ERIT ae ea some grand c E BE rosners dominated by light gases. For those who wish to study 
objects that once plied those dark reaches. i theearly days of the solar system, here is the realm to explore—the most 


SOR Miti Soc E nearly pristine remnants of the stages in the birth of the planets. 
(1988) 


"The worlds of the outer solar system, with their odd 


Nearly 5 billion years ago, an interstellar cloud of gas and dust crossed 
- threshold. For millions of years, it had gradually been accumulating 

material that was drifting in the vast reaches between the stars until it 
On Earth, a paleontologist digs down through recent fossil yas so massive that it began to condense—to pull itself together by gravity. 
specimens. The deeper he digs, the further back in time h This large nebula fragmented into numerous smaller ones. From each 
planetary scientist who wants to probe back in time to large fragment of this nebula would come a single star or, more often, 
of the solar system to learn of the conditions and the chem faitsor families of stars and the small nonluminous bodies we call planets. 
when the Sun and planets formed, the route is not down Several hundred stars would form from this one cloud of gas and dust. 


Molding Suns 
and Planets 


Because of its weather and tectonic activity and beca i Gravity would determine notonly which of those fragments would spawn 
tion so close to the Sun, the Earth has erased or lost its ez t stars and how many but also what fragments had too little mass or the 
The Moon, smaller in size, retains material less changed. n | Wrong spin to make a family of stars and would have to settle for just 


era but cannot carry us back to the beginning. The meteorit one star, surrounded instead only by small dark planets. 

on Earth, fragments of minor planets from the asteroid belt, aret Ina very modest region of this large interstellar cloud of ‘gas and dust, 
pristine representatives of the bodies from which the inner plar _ the density was high enough so that it too began to condense. From this 
form. Yet they have been scoured by sunlight and solar pa fortion of the great cloud would emerge our solar system. Within the 
lost their lighter elements. They. stop short of revealing the sol lar nebula, each atom and molecule was pulling by gravity upon all 
beginnings. the others so that the particles pulled themselves closer together. The 
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| 
solar nebula, at first amorphous, began to shrink and become; countless tiny solar satellites, each with its own orbit. Collisions were 
shrinking more. All the atoms and molecules of the cloud we incessant, but since these particles were almost all traveling in nearly 
tion in all directions so that the sum total of motion almost. rallel orbits in the same direction around the Sun, the collisions were 
but not quite. The collapsing cloud was just barely turn tle enough for particles to stick together, growing larger. These were 

As gravity pulled the cloud in upon itself, it spun more rapid] planetesimals, the building blocks of planets and moons. 
angular momentum was conserved, like a figure skater spinni 
as she pulls in her arms. The solar nebula not only cont 
flattened into a disk as the centrifugal force of the rotation 
ticles traveling in the plane of the spin from falling inwa | With the ice and dust planetesimals at small size, growth came primarily 

The more it contracted, the greater the density of the d collision and adhesion. But with increasing size, gravity began to play 
became and the more particles within it collided, creating] agreater role. As they grew still larger, gravity began to predominate. 
ward pressure of the heat slowed the infall of material ]L became a race to gather up mass as fast as possible. The more mass, 
The cloud glowed red as the temperature within it soa | the more gravity, the bigger the protoplanets grew. Half a billion miles 
(1,800°C} or more. The temperature was high enough to vi -quarters billion kilometers) from the Sun, where temperatures were 
tually all of the solid material scattered throughout the inn tool enough for the solid particles to include ice as well as rock, a massive 
thie gaseous doua. protoplanet took form—and a second at twice that distance. These 

Contraction ceased in the cloud's outer regions. But at the cente overgrown planetesimals grew so massive that gases from the solar ne- 
density was greatest, contraction continued until the temy bulacollapsed upon them by gravity to make them giant planets. These 
heart of the collapsing sphere reached 18 million degrees gas giants fought gravitationally with the newborn Sun and one another 
million degrees Celsius) and a nuclear reaction began at the ce for control of all the matter lying between them until little was left, and 
hydrogen to helium. A star had formed. That star was our S hat remained was a satellite of one or the other of the contestants. 
it lay a hot disk of matter, the solar nebula. Beyond these two bodies that would ultimately be Jupiter and Saturn 

As the nuclear reactions of the Sun throbbed info Menem were two more giant planet aspirants. But protoJupiter and protoSaturn 
subatomic particles poured forth from our star and swept thr had combined their gravities to create a no-planet zone for a great distance 
solar nebula, carrying the lighter gases outward. beyond. Only at twice the distance of Saturn could one stable body emerge 

"The nuclear reaction at the core of the Sun balanced the inw and grow, and then not another for more than three times Saturn's 
of gravity, and the Sun stopped contracting. Its surface _ distance from the Sun. Even with so much territory to rule and gather 
than the contracting protoSun had been, but the surface ai ‘nbute from, protoUranus and protoNeptune grew slowly compared with 
far less, so the total energy radiated declined. ; piter and Saturn. 

As temperatures within the nebula fell, different el The density of the forming solar system was greatest toward the center 
cloud condensed to solids and formed compounds with and much lower at that distance. And orbital speeds were slow, retard- 
especially with abundant and reactive oxygen. First the "ing accretion still further. 
forming solid microscopic grains to which other molecules ‘The Sun and surrounding stars were partially shrouded by a haze of 
could adhere. Then silicon condensed in a wide isty gas from which all the bodies in the young system were still grow- 
compounds—stony minerals the size of motes of dust. 8. But now the larger bodies recklessly, helplessly, began to impose 
more nuclei around which larger bodies could accrete. limit of growth upon themselves. They were growing by gravity, ab- 
Sun, where the temperatures were freezing or well. bing gas and dust along their paths and swallowing up icy planetesi- 
remaining gases, except hydrogen and the inert elemer sand even planet-size bodies. Most of the planet population in our 
form ices—especially minute snowflakes of water. At inal solar system was sacrificed toward the goal of building larger 
however, the temperature had never risen above dies. But not‘all or even most of the objects in their paths were ab- 
ticles there were traces of the nebula from which the so orbed. Each planetesimal had its own orbit, and a crash into a large body 
forming. S they passed near one another was a long shot. The encounters were 

Arrayed around the Sun, near and far, these flecks of “tmore likely to throw the planetesimals onto new orbits, some aimed 
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AMBASSADOR TO JUPITER: PROJECT GALILEO 
by William J. O'Neil, Project Galileo Science and Mission 


Design Manager, Jet Propulsion Laboratory 


On October 18, 1989, the Galileo spacecraft was 
launched on the grandest planetary mission of the 
1990s. Traveling an unusual flight path, Galileo will 
reach Jupiter in 1995 to become the first manmade 
permanent resident of the Jupiter system. 

The Galileo spacecraft consists of a probe to sam- 
ple Jupiter's atmosphere and an orbiter to observe 
the planet, its magnetosphere, and its satellites over 
a two-year period. This investigation of Jupiter will 
be far more comprehensive than was possible with 
the Voyager and Pioneer flyby missions. 

When the Galileo mission was funded in 1977, 
it was planned for launch in January 1982. The 
Space Shuttle was to carry it into Earth orbit, where. 
a special "planetary" Interim Upper Stage (IUS) 
would boost Galileo onto a direct trajectory to 
Jupiter, with arrival in the summer of 1985. Since 
inception, however, Galileo has been repro- 
grammed five times, shifting back and forth be- 
tween the Centaur liquid hydrogen/oxygen upper 
stage and lower-power versions of the IUS. The 
Challenger accident resulted in a reduction of Shut- 
tle cargo weights and the final cancellation of the 


The Galileo probe 
descends into Jupiter's 
atmosphere while the 
orbiter passes above to 
relay its findings to 
Earth in this artist's 
conception. 

NASA/Jet Propulsion 
Laboratory 
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Galileo to Mars or Venus. Because of 
netary alignments, a gravity assist from Mars 
ot be used to reach Jupiter, but, happily, Venus 
fod Earth can team up to do the job. The Galileo 
injectory designers discovered that by launching 
cecraft toward Venus in October 1989, it 
fould receive gravity assists from Venus in 
February 1990 and from Earth in December 1990 
in December 1992 to achieve a trajectory 
{at will delivery Galileo to Jupiter on December 
1,1995. A 
Galileo, the most sophisticated planetary 
aft ever built, is the first planet-bound ve- 
dide to use a dual-spin design. The larger portion 
ofthe craft spins at 3 rpm to provide attitude sta- 
tility and a constant scanning motion for the fields 
ad particles instruments. An electric motor spins 
ite lower third of the craft at the same rate but in 
the opposite direction, which cancels out the rota- 
tim of this portion of Galileo, thereby making it a 
sable nonspinning platform for telescopic in- 
sruments. Thus Galileo has the advantages of both 
aspinning spacecraft (like the Pioneers) and a 3-axis 
sibilized spacecraft (like the Voyagers). 
Bleciricel power for Galileo is provided by small 


The Galileo mission flight path. 
PASA/Jet Propulsion Laboratory 


Centaur as an upper stage for the Sh 
sidered an extra risk). Consequently, 
already existing two-stage IUS was ava 
celerate Galileo into interplanetary 


nuclear generators. The Federal Republic of Ger- 
many, a partner in the project, has provided the 
spacecraft propulsion system for course and atti- 
tude changes. The orbiter weighs 2,862 pounds 
(1,298 kilograms}; the probe 747 pounds (339 
kilograms). With a little more than a ton of pro- 
pellants on board, the launch mass of Galileo, in- 
cluding its IUS adapter, was almost 3 tons (2,717 
kilograms). 

Galileo's probe carries six instruments to iden- 
tify atmospheric chemicals and their abundances 
and to determine other important characteristics 
of Jupiter's atmosphere. The orbiter has five in- 
struments to measure dust, magnetic fields, and 
energetic particles. It also carries four telescopic in- 
struments: infrared and ultraviolet spectrometers, 
a photopolarimeter, and an imaging system using 
a CCD, a special silicon chip with 100 times the 
light sensitivity of the Voyagers’ vidicon. In addi- 
tion, when the Galileo orbiter moves behind 
Jupiter, its radio signal directed toward Earth will 
pass through Jupiter's atmosphere to provide infor- 
mation on its structure and composition. 

As originally planned, Galileo will collect fields 
and particles data during its cruise through the in- 


The Galileo spacecraft 
NNASA/Jet Propulsion 
Laboratory 
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terplanetary medium en route to Jupiter. But the 
now mandatory Venus-Earth-Earth gravity-assist 
(VEEGA) trajectory adds unique science oppor- 
tunities, During the flyby of Venus and both tran- 
sits of the Earth-Moon system, Galileo will observe 
these bodies from largely unprecedented angles. 
The highlight of the interplanetary voyage phase, 
however, will be the first flyby of an asteroid. Mid- 
way between its two Earth gravity assists, on Octo- 
ber 29, 1991, Galileo will observe the asteroid 
Gaspra (10 miles [16 kilometers] in diameter) at 
close range. For an encore, Galileo may also 
scrutinize the asteroid Ida (20 miles [32 kilometers] 
in diameter) on August 28, 1993, while flying the 
final direct leg to Jupiter. 

In July 1995, five months before reaching Jupiter, 
Galileo will release its probe to fly untended toward 
an exacting Jupiter entry at 112,000 miles per hour 
(180,000 kilometers per hour)—the first manmade 
object to penetrate the atmosphere of Jupiter. A few 
days after probe release, the orbiter will be 
maneuvered so that it will be passing over the 
probe as it descends into the Jovian atmosphere and 
can relay the probe's scientific measurements back 
to Earth. This relay link will be maintained for 75 
minutes as the probe sinks to a depth where the 
pressure of Jupiter's atmosphere is 20 to 25 times 
greater than air pressure on Earth. At about that 
level, the probe will be destroyed by Jupiter's 
environment. 

Several hours before the probe's final plunge, the 
Galileo orbiter will make its first close observations 
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Zs 
jtwas a titanic snowball fight with the Sun and planets throwing rock- 
gecked balls of ice in all directions—up, down, and toward one another. 
fhe supply of icy ammunition was enormous. Trillions of comets were 
‘ved out of the solar system and lost forever. Trillions of others disap- 
red from existence in collisions with the large bodies. Still others, again 
Fmbering in the trillions, were flung far from the Sun but not beyond 
is gravitational hold.’ With all their different distances and orbital in- 
finaiions, these discarded building blocks of the planets took the form 
Vía vast, deep, spherical, low-density cloud of primordial material, each 
‘time capsule preserving a precious record of the solar system when 
iwas young. The Oort Cloud of comets had formed. 
Stars and interstellar clouds of gas and dust passing close by the solar 
stem from time to time would disturb the fragile orbits of these sen- 


of two of Jupiter's four largest moons ( 
the Galilean satellites in honor of the 
tist who discovered them in 1610]. E 
observed at a range of 22,000 miles (35, 
meters). Next, the orbiter will fly by Io at, 
of only 600 miles (1,000 kilometers), 
later, the probe data relay will begin. 
after the relay, the orbiter will execute: 
orbital insertion maneuver, firing its n 
for 45 minutes to achieve an eight-month 
bit of Jupiter. 

The craft will then begin to utilize 
from the Galilean satellites to 
from moon to moon while mi 
study of Jupiter's turbulent atmosp 
awesome magnetosphere at the same 
each orbit, the orbiter will be precisely 
to the aim point for the upcoming satellite} 
sequence, Ten orbits of Jupiter will be cor 
during the primary 22-month mission at] 
these ten orbits, Galileo will visi 
Ganymede, and Callisto at least twice at 
viewing angles and typically at ranges 
600 miles (1,000 kilometers)—and in 
120 miles (200 kilometers)! The closest 
that the Voyagers made to any Jovian se 
12,400 miles (20,000 kilometers). 
promises a hundredfold improvement 
ages of the satellite surfaces. 
Galileo will complete its primary 
October 1997—twenty years after the 
project. Its scientific bounty will be t 


toward the center of the solar system, others accelerated out: 
system, while still others were flung far from the planets 
yet still held feebly to the solar system by the Sun's gravity. 
had been practicing gravity assist long before manmade 


came along. 


By spin and gravitational contraction, the solar nebula h 
a flattened disk, but thick enough so that planetesimals and p 
approach one another for gravitational encounters at mod 
inclination. The cometary planetesimals could pass above 
poles of the protoplanets (like Voyager 2 at Neptune) and thi 
not only their speed and direction but their inclination as well 
were sprayed out from the protoplanets in every conceivabl 


Planet Orbits 


The Oort Cloud of com- 
ets, composed of an in- 
ner ring beginning not 
far beyond Pluto and 
broadening into a 
spherical outer cloud 
that extends almost 
halfway to the nearest. 
star. Passing stars and 
nebulae strip away the 
outer comets, but 
disturb the inner disk 
enough so that a new 
supply of comets is 
ejected outward. 
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tinels and scatter them outward and inward—millionslost t 
space on each occasion, other millions dropping sum 
shed their gas and dust and shine briefly in the sunlight. 
years, a creature would arise on the third planet from th 
these apparitions comets, eventually to recognize from: ulity. 
the material they shed that they were emissaries from far aw luto with its weak gravity, could not have captured a comparatively 
ago—and that they preserved the chemical and physic moon such as Charon. With its feeble gravity, it could not have had 
creature sought about thc origin of the solar system and the son-forming nebula around it. Charon more likely originated from 
from which life had emerged. We have survived, the c that shattered the original Pluto. The fragments reaccreted into 
around the solar system and see what we have built. jr of bodies locked to one another by gravity. 
far from the Sun and see how we did it. Can you make: it what if Uranus, Pluto, and their satellites had completed or near- 
you can, you will be amazed. completed their formation with their rotation axes upright and then 
knocked on their sides by impact? After the planets and asteroids 
shape, there were still enough large and small planetesimals roam- 
As the interplanetary snowball fight began to subside, the solar system to knock a planet askew. But the pivoting of Uranus 
outermost worlds were lying on their sides. In their for Pluto to a new axial orientation would not have flipped the orbital 
planets had withstood the crashes of millions of plan of their satellites to match. There is nothing in the impact event 
always so small and not always so gentle. Some of these i ‘hat would cause the satellite orbits to precess immediately or even over 
ring near the poles, had tended to knock these planets on the sy extended period of time so that they could resume their original orbital 
The process was not quite like a bowling ball kno o ins over their planet's equator and with their original orbital mo- 
on their sides. Unlike bowling pins, Uranus and Pluto ions in the same direction as the planet was turning. 
gigantic tops or gyroscopes, which gave them cons “Thus, Uranus and Pluto must have assumed their tilted rotations so 
momentum. Give the top of a spinning gyroscope a gen lyin their formations that their moons formed with their orbits tilted 
the side and it does not fall over. Instead it precesses toa new. match their planets’ equators. They have never known their planets 
tation in a period of time matching the duration of the h other than the inclined rotations that we see today. 
Except where other factors intervened, the final tilt of e; 1 
accidental—the sum of where and when and how hard ea 
struck. The tidal forces of the Sun compelled Mercury and Ve 
upright as they spun. The gravitational collapse of solar nebu 
the rocky cores of the massive protoJupiter and protoSaturn’ 
gas giants tended to overwhelm the the effect of planet ike an inexhaustible supply. But the success of the grains of dust 
For the remaining planets, their axial inclinations are r and the crystals of ice in accreting into tiny nuclei, in gathering by adhe- 
of Earth, Mars, and Neptune are moderate. For Uranus and P more material to grow to comet size, and then in growing larger still 
pacts have resulted in capsized planets. 1 br gravity—that very success destroyed or banished them. From these 
But regardless of the mechanism that twists planets on ti tiny planetesimals came larger planetesimals, and from these planetesi- 
is clear that they developed that orientation before they h 5 came the planets, each consuming a billion or a trillion or more 
their accretion. Their satellites tell us that. Uranus and Ph cmets in their growth; then each, by its gravity, scattering trillions 
oddly oriented axes of rotation, but the orbits of their moons ‘more—comets lost to still more collisions or to speeds that carried them 


" nus assumed its reclined attitude by impact, it must have happened 
jy that the present moons had not yet begun to form. For Uranus, 
spirits formation was complete, to have captured 15 moons all orbiting 

fe sits equator and all revolving in the same direction would strain 


ly normal. The moons revolve around Uranus and Pluto in the sat beyond the Sun's grasp. 

tion that the planets rotate. And they revolve around their pl Fora while there must have been many large planetesimals, a mid- 
Satellites form around large planets the same way that step in forming planets and, if they remained today, potentially in- 

around a star—accreting from a dusty nebula. Satellites and ‘Siictive in understanding the evolution of the solar system. But the 

to form at the same time, but the smaller bodies form mor demands of gravity are insatiable. One by one these building blocks of 
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A RENDEZVOUS WITH A COMET 
by Dr. Donald K. Yeomans, Jet Propulsion Laboratory and 
CRAF Mission Radio Science Team Leader 


Since the beginning of recorded history, comets ets have been retained in a nearly un 
have been feared as agents of destruction—fireballs and still offer clues to the original c 
thrown at a sinful Earth from the right hand of an position of the outer planets. 
avenging god. Ancient cultures as diverse as the 

Greeks, Chinese, and Maya fearfully watched and the Sun between Mars and Jupit 
wondered at the strange appearances of cometsin pected to consist of preserved pr 
an otherwise orderly sky. 

Comets are now thought to be the initial building 
blocks that combined to form the planets in the portunity to study the building bl 
outer solar system. In the 4.5 billion years since inner and outer planets of our 
then, these remnants from the planet-building pro- 
cess have spent the vast majority of their lifetimes owing in large part to the fleet of si 
far from the Sun. Hence the ices that make up com- spacecraft that flew past Comet 


there remain many unanswered fundamen- 
à questions concerning comets. 


What is the nature of the jet black sur- 
face that was observed on Comet Halley, 
and what is the composition of the icy 
material below the comet's surface? 
How do comets evolve with time, and 
where and under what conditions did 
the cometary ices form? 

How did the planetary formation pro- 
cesses in the inner solar system differ 
from those in the outer regions? 


‘The small, rocky asteroids, most 


typical of the region in which they fo 
‘Together, comets and asteroids 


Despite recent advances in questions, and many more, could be 


severed with a spacecraft mission that has been 

sosed by NASA to rendezvous with a comet. 

arrival, the spacecraft would scrutinize 

asit moves toward the Sun and evolves 

fon aquiescent body to an active comet whose 

vaporize and throw off gas and dust into its 
nous atmosphere. 

ofthe mission options under study would 

ha Mariner Mark II spacecraft in August 

allowing the intensive study of short period 


Maneuver 
23 July 1996 ^9 


Near nucleus science. 


Comet Rendezvous Asteroid 
Mission—1995 launch for 
and Asteroid Hamburga 


Comet Kopff to begin in August 2000. En route 
to the comet, the heavily instrumented 

would fly closely past Hamburga, one of the 
larger asteroids. The spacecraft's cameras, as well 
as a host of other instruments, would examine 
the asteroid and, later, the comet itself. 

Upon arriving at the comet, the spacecraft 
would be maneuvered into a path that matches 
that of the comet. After a brief reconnaissance 
to determine the comet's mass and characterize 
its size, shape, and surface features, the 
spacecraft would orbit the comet for several 
months. 

During this time, the spacecraft's cameras and 
infrared detectors would map the comet's sur- 
face and note the differences in its thermal 
properties. The tiny dust grains in the comet's 
atmosphere would be subjected to chemical 
analysis and examined under a miniature elec- 
tron microscope within the spacecraft. The 
chemical composition and magnetic properties 
of the comet's gases could be determined with 
a variety of instruments. 

But potentially the most important instrument 
package will be shot, like a harpoon, just below 


CRAF (Comet Rendez- 
vous Asteroid Flyby) 
spacecraft design 

Jet Propulsion Laboratory 
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CRAF spacecraft near a 
comet as its surface 
ices begin to vaporize 
NASA Jet Propulsion 
Laboratory artwork 


the comet's surface. This penetrator device For several millennia, mankind's fear« 
would measure the physical, chemical, andther- comet striking the Earth was nearly 
mal properties of the subsurface ices, giving a It seems ironic that by the beginning 
first look at the primitive mixture from which millennium, mankind may strike a com 
our solar system formed some 4.5 billion years to take a peck at the conditions under 
ago. solar system formed. 


planets vanished—in collisions with the Sun or planets, in 
counters with the large planets that hurled them out of the solar 
never to return or, perhaps, propelled them to new orbits at gre: 
from the Sun so that they have not yet been detected, 

In the planetary realm, few large planetesimals are left. P 


tional forces that destroyed or expelled all the others. Almosta 
gal gravity, having stripped the environment of a record ofits 
to set up a wilderness area as a kind of natural park of the so 
to preserve something of special value in danger of disap 
But in truth it was no accident or last-minute salvation. Thes 
exorable law of gravity that sent every other planetesimal to 
or exile also governed and preserved the orbit of Pluto and Cl 
orbital harmonics of Jupiter, Saturn, Uranus, and Neptune, Wh 
destroyed, captured, or banished all the other planetesimals, p 
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E- 
re haven for one pair. Pluto and Charon formed where they did and 


jved in their peculiar orbit because it was a zone protected by gravity. 
fach planet alone might have diverted Pluto and Charon to oblivion, but 
ith each adding to or balancing the other's gravitational nudges, the 
Wit for Pluto and Charon was a stable orbit over the duration of the 
age of the solar system. 


ziton, however, lacked a protective resonance in its orbit, Gradually, 
millions of years, it drew closer and closer to Neptune. Both were 
siting the Sun in the same direction. Both were orbiting at nearly the 
me speed. About 4.5 billion years ago, Triton passed too close, catching 
with Neptune from behind. With both traveling in the same direc- 
fonat nearly the same speed, the rate of closure was slow. Then faster, 
ssfriton was accelerating under the influence of Neptune's enormous 
vity. Now so close that Neptune's gravitational influence on Triton 
as much greater than that of the distant Sun. 

‘Triton's path was altering rapidly. It passed sunward of Neptune very 
thse, slowed by the drag of gas and dust left around Neptune or by a 
fead-on collision with one of Neptune's original moons orbiting in the 
mal direction. Its course bent by Neptune's gravity, Triton veered 
gound in front of and then beyond and behind the planet. Triton's speed 
tartied it outward far from Neptune but only to a certain distance. Its 
tillision with gas and dust, a moon, or both had slowed its rate of travel. 
Titon was caught in Neptune's gravity. Back it fell along an elliptical 
pth toward its new master, sweeping in close and around, then far out 
again, orbiting Neptune in the opposite direction it had been circling the 
Sun. 

Itwas a highly erratic orbit and unstable. Already forces were remolding 
it In the early days of the solar system, each large planet possessed its 
own accretion disk of gas and dust from which it and its satellites had 
formed—a miniature solar system with a planet, nota star, at its center. 
When Triton was captured, Neptune was losing its primordial disk but 
there were still enough particles near the planet to exert a substantial 
drag on Triton every time it passed close. At each periapsis, when Triton 
was traveling fastest, the debris around Neptune slowed its speed so that 
its momentum could not carry it outward to the distance it had gone just 
ove orbit earlier. The far point in Triton's orbit was shrinking; the orbit 
was becoming rounder. 

Even when the primordial nebula was gone, the orbit of Triton con- 
tinued to be modified and rounded. Neptune created a tidal bulge in 
Triton and compelled that bulge to stay pointed in its direction. At its 
cosest approach to Neptune, tidal forces on Triton's bulge decelerated 


The Peculiar 
Satellites 
of Neptune 
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the new satellite, preventing it from traveling as far from Ne 
Triton was farthest from Neptune, the planet's tidal forces 
the moon so that it would not fall in as close. Triton's orbit be 
and more circular.* A 
Neptune had gained a moon. A big moon. (Later, it would 
second moon, known today as Nereid.) But Neptune paid ay 


tune all of its original large moons. Some must have hit Triton as 
Neptune's gravity dragged it repeatedly across their orbits. Others must 
been accelerated out of the Neptune system. We see 16 moons for 

iter, 17 for Saturn, 15 for Uranus—but only 8 for Neptune. The 6 new 
Mons that Voyager 2 recorded are small and close to Neptune. Triton 


spectacular capture of Triton wasa wild gravitational adven 


gw to that. 


And Triton paid a price, too. It must have taken a fierce pounding from 


FOUR YEARS WITH THE RING-MASTER: 


THE CASSINI MISSION TO SATURN 


Three NASA spacecraft, Pioneer 11 and the 
Voyagers, have flown by Saturn, giving scientists 
surprises everywhere they looked—the atmosphere 
jetstream winds of 1,000 miles per hour], the rings 
{thousands of them), the modest-sized moons (rad- 
ically different histories, to judge by their surfaces), 
and Titan, the largest moon (a nitrogen atmosphere 
with 60 percent greater surface pressure than the 
Earth's]. 

Imagine what a spacecraft could do if it went in- 
to orbit around Saturn and could examine the 
planet, its rings, and its moons for at least four 
years, using a host of advanced instruments, in- 
cluding CCD cameras with ten times better resolu- 
tion than the cameras aboard the Voyagers. Imagine 
that this orbiter carried a special probe craft that 
would descend into the atmosphere of Titan and 
perhaps survive to see the surface, which is shroud- 
ed from view on Earth by constantly hazy, orange- 
colored skies. 

‘That mission is Cassini, named in honor of (not 
the modern fashion designer) but the seventeenth- 
century Italian-born French astronomer and tele- 
scope pioneer Jean Dominique Cassini, who 
discovered four moons of Saturn and a 3,000-mile 
(6,000-kilometer) gap in the ring system (the Cassini 
Division), and who proposed that the rings are com- 
posed of particles that orbit Saturn like miniature 
moons. 

From 1962 to 1978, the United States launched 


27 successful unmanned missions 
planets. Then, for an entire de 
through 1988, the United States la 
NASA flights to Venus (Magellani 
(Galileo), scheduled for departure 
finally launched in 1989 when 
returned to service. The Mars Ob 
duled for launch in 1992. 

American planetary space re 
assuming a leadership role. 

NASA plans to launch Cassini in 19 
the Comet Rendezvous Asteroid Flyb 
sion. Like CRAF, Cassini would be bu 
Mariner Mark II, a flexible, nm 
spacecraft that would be asse 
production-line basis to save costs. 
craft would be added standard and s 
ponents needed for specific jobs. 
pean Space Agency, would 
probe. 

Originally, Cassini was conceived: 
Shuttle into Earth orbit, where an att 
upper stage would boost it directly t 
safety concerns led to the cancellation: 
ful Centaur as part of a Shuttle paylo 

Cassini must now rely ona Titan | 
pendable launch vehicle. But this 
does not have enough thrust tosend 


send it first part way to Jupiter, where it will be 
decelerated so that it will fall back inside the orbit 
a Earth, to 0.9 astronomical units. As its momen- 
lum begins to carry it outward again, it will pass 
the Earth and receive a gravitational assist toward 
Jupiter. A second assist at Jupiter will send Cassini 
tm to Saturn, for arrival in 2002. 

But the spacecraft will not have wasted its cir- 
'tüitous 674 years en route. On its initial outbound 
þurney into the asteroid belt, it will be targeted to 
T ly by an asteroid. As it passes through the Jovian 


Cassini spacecraft 
design 
Jet Propulsion Laboratory 


system, its advanced instrumentation should pro- 
vide important information about Jupiter and its 
satellites after Galileo has completed its service. 

And when Cassini arrives at Saturn, it will take 
up orbital residence there at about the same 
distance from the ring-master as the Moon is from 
Earth for a research career that is expected to last 
at least four years. f 

With Galileo, CRAE and Cassini, the era of long- 
duration, close-up study of the distant bodies in our 
solar system will have begun. 
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Neptune's original satellites as some vanished from e; 
impacts on the usurper. Some may well have been the 
or Charon or even Oberon and Titania. The collisions : 
planet-now-moon, melting its surface, with heat a 
penetrating deep into the interior. 
Less spectacular but even more powerful in reshaping 
tidal forces of Neptune, pulling the captured body out o 
its interior was heated by pressure and friction past the me 
Heavy elements sank to the core. Light elements rose to 
face. The imprisoned Triton differentiated in what m 
frenzy of tectonic upheavals and volcanic eruptions, Gases b 


the landscape. 


“We have seen on Triton a tortured crust that testifies to the gravita- 
onal ordeal of capture and to the millennia of tidal strain that bent its 
de gward circular. But we have seen much more than we ever im- 
Ped: a geologically active world in a realm of paralyzing cold. 
"Based on the astounding vitality of Triton, Pluto looms larger than ever 
significance. It remains the most nearly pristine large planetesimal 
from the formation of the solar system. But no longer is it expected 
ø bea dead world. Ke ps ee j 
Pluto is almost a twin to Triton in size. Like Triton, it too has a thin 
phere where methane has been identified but nitrogen is almost 
ainly the prime constituent. Pluto may be an even more bizarre ob- 
than Triton. Its orbit, the most elliptical of any planet, carries it into 
Jeep freeze for two hundred years, then brings itin from the cold briefly 
“here, by comparison, it is scorched by the Sun. 
“Right now Pluto is its closest to the Sun, closer even than Neptune, 


MISSION TO PLUTO: A POSSIBILITY 


Planetary scientists and NASA are exploring a low- 
cost (less than $150 million) mission to Pluto that 
could be funded from the annual NASA budget 
rather than requiring special Congressional 
authorization and appropriations. 

The spacecraft (shall we call it Tombaugh?) could 
be launched outward by an expendable rocket in 
October of the year 2000, swing back by Earth for 
a gravitational assist in November 2003, and then 
gather additional acceleration from Jupiter in June 
2005 as it passes just beyond Io's distance from the 
planetary giant. 

Enroute to Pluto, the spacecraft's cameras and 
other instruments could examine an asteroid and 


provide new information on Jupiter and its 
satellites. 


wecan only imagine the frequency and ferocity of the nitrogen geysers 

even weirder phenomena taking place there. 

Can we do more than imagine? Can we send a spacecraft to see Pluto 
‘near peak activity? Time grows short for our generation and many to 
follow. Pluto passed perihelion in 1989 and is beginning its slow return 
 iptwo centuries of exile in the planetary arctic. The distance a spacecraft 
must traverse is once again beginning to increase. And any Sun-induced 
activity on Pluto must soon begin to fade. ‘Sate 

‘The curious inhabitants of planet Earth are once again stirring—looking 
upward and outward on the eve of a new millenium. 


The timing is critical. Jupiter 

tional boost to any one outer plan 

every 12 years. Without the a 

by Jupiter, the mission to Pluto woul 

a century rather than 14 years. —— 
And this launch window is prol 

chance to reach the smallest and out 


atmosphere freezes, falling like 
surface, and before any surface ac 
Pluto's closest approach to the Sun. 
In February 1930, Clyde Tomba: 
Pluto. In June 2014, spacecraft Tom! 
the first to see Pluto and Charon « 


Endnotes 


"Quer 1. Tus Discovery or Uranus 


1. The often-told story that William essentially deserted 
the army and was later pardoned by King George IIT 
during their first meeting is not correct. As a bands- 
‘man, William was not automatically a member of the 
army and, because of his youth, had never been of- 
ficially sworn in. However, the official discharge 
{signed in 1762) was slow in coming, and this may 
have been the reason that William did not return to 
Hanover before it arrived in 1763. It then took him 
more than a year to save sufficient money for the 


visit. 

2 Told by a friend named Dr. Miller, as quoted by J. 
L.E. Dreyer in his biographical account of Herschel 
in William Herschel, The Scientific Papers, edited by 
J. L. E. Dreyer (London: Royal Society and Royal 
‘Astronomical Society, 1912], vol. 1, p. xx: 

Having afterwards asked Mr. H. by what means, 
in the beginning of his performance, he produced 
so uncommon an effect, he replied, "I told you 
fingers would not do!" and producing two pieces 
of lead from his waistcoat pocket, "One of these," 
said he, "I placed on the lowest key of the organ, 
and the other upon the octave above; thus, by ac- 
commodating the harmony, I produced the effect. 
of four hands instead of two.” 

3. The problem of chromatic aberration was lessened 

by the use of compound lenses, introduced by 

Chester Moor Hall in 1729 and popularized by John. 

Dollond and his son Peter in the 1850s. But telescope 

makers had great difficulties in obtaining glass of 

good quality for even small compound objective 
lenses and very rare success in making them larger 
than 4 inches, Nevil Maskelyne, the astronomer 
royal, purchased a 3754nch Dollond achromatic 
refractor for the Royal Observatory at Greenwich. 
Constance A. Lubbock, ed., The Herschel Chronicle. 


(Cambridge: Cambridge University Press, 1933), 
p. 145, Lubbock was Herschel's granddaughter. 


5. William Herschel, The Scientific Papers, vol. 1, 


p. xxix, 


6. Lubbock, pp. 79-80. 
7. It was known at the time, however, that Halley's 


‘Comet and several others were membersof the solar 
system, although their orbits stretched out beyond 
Saturn and even Uranus. 


8. Letter of June 3, 1782, in Mary Cornwallis (Mrs. 


John) Herschel, Memoir and Correspondence of 
Caroline Herschel (New York: D. Appleton, 1876), 
p. 47; also Lubbock, p. 115. 


9. Undated letter, in Lubbock, p. 117. Aubert's finest 


14. 


15. 


instrument was a 6inch Cassegrainian reflector 
made by famed optician James Short. Its short focal- 
length/wide-field design (f/4) gave it a truncated, fat 
look and earned it the nickname "Short's Dumpy.” 

. Herschel wrote this in response to Dr. Hutton's re- 
quest for a brief sketch of his life. See Lubbock, pp. 
78-79. 

. Lubbock. p. 95. 

. Herschel received no official title such as king's 
astronomer or private astronomer to the king. 

. A. E OD. Alexander, The Planet Uranus: A History 

of Observation, Theory and Discovery (New York: 

American Elsevier, 1965), p. 54. 

William Graves Hoyt, Planets X and Pluto (Tucson: 

University of Arizona Press, 1980), p. 25. 

According to a letter to Caroline on July 3, 1782, 

Herschel had first used this simulation that evening 

for the princesses and other ladies of the court. This 

was before the king granted him a subsidy for his 

astronomical research. "The effect was fine and so 

natural,” wrote Herschel, “that the best astronomer 

might have been deceived.” Lubbock, p. 118. 


16. “Herschel and the Construction of the Heavens’ in 


Uranus and the Outer Planets, edited by Garry Hunt 
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(Cambridge: Cambridge University Press, 1982], 
p.55. 


Cnarren 2. Tus Fervor ron New Paxers 


1. Bonnet's Contemplation de la nature was first 
published in 1764. Some accounts of Bode's Law still 
report that in 1741 the German astronomer Chris- 
tian Wolff developed this progression and suggested 
that perhaps a planet was missing between Mars and 
Jupiter. In 1783, Titius incorrectly (for reasons 
unknown) credited Wolff as a progenitor of the rela- 
tionship. However, Stanley L. Jaki found that Wolif 
had developed only a sequence of numbers to help 
students remember relative planet distances. He 
never suggested a mathematical progression or a gap 
requiring a missing body. Stanley L. Jaki; "The Ear- 
ly History of the Titius-Bode Law," American Jour- 
nal of Physics 40 (July 1972]: 1014-1023. 

2. In the second (1772) and subsequent editions, this 
editorial by Titius appeared instead as a footnote. 
signed "T." 

3. In Titius' formulation, there was no division by ten 
to make the sequence correspond to astronomical 
units. 

4. My phrasing. A history of Bode's Law is presented. 
by Stanley L. Jaki in "The Early History of the Titius- 
Bode Law," American Journal of Physics 40 (July 
1972): 1014-1023; "The Original Formulation of the 
Titius-Bode Law," Journal of the History of Astro- 
nomy 3 (1972): 136-138; and "The Titius-Bode Law: 
A Strange Bicentenary," Sky and Telescope 43 (May 
1972): 280-281. 

5. Anleitung zur Kenntniss des gestirnten Himmels (In- 
troduction to the Study of the Starry Heavens), first 
published in 1768 with a slightly different title. 

6. In 1801, Bode said he got the relationship from Titius" 
second translated edition of Bonnet (1772), but, as 
Jaki has pointed out, that was not possible because 
Bode's book was published in January 1772, prior to: 
the second edition of Titius translation, in which his, 
contribution was now a footnote signed "T." 

7. J. E. Bode, Deutliche Anleitung zur Kenntniss des 
gestirnten Himmels, 2d ed. (Hamburg: D. A. Harm- 
sen, 1772), p. 462. Also Jaki, "The Early History of 
the Titius-Bode Law,” 1015. 

8. This was the second meeting on the subject that Zach 
had arranged. The first was at his observatory in 
Gotha, Germany, in 1796. 

9. Zach, Schröter, Olbers, Harding, and probably Fer- 


dinand Adolph von Ende and Joh 
according to Martin Grosser, The 
tune (Cambridge: Harvard Universi 
p. 30. Robert W. Smith says Bode was 
see "The Impact on Astronomy of th 
Uranus," in Uranus and the Outer Pl 
by Garry Hunt (Cambridge: 

Press, 1982}, p. 83. 

). Article on Piazzi by Giorgio Abetti- 
Scientific Biography (New York: Ch 
Sons, 1974). 

. Zach had located a suspicious object ¢ 
7, 1801, but had been unable to 
elusive body because of bad weath 

. Robert W. Smith cites an unsigned 
nelen der Physik. See "The Impact 
the Discovery of Uranus" in Uraa 
Planets, p. 85. 

. Bode's Law may make a comeback 
the work of Jaume Llibre, a mather 


is exploring how the mass of the 
trated toward the center of our g 
affected where planets formed 

In the United States, Edward Bel 
Propulsion Laboratory, is applying 
the planets and their satellite syst 


positions where spacecraft could 
around a moon or planet with the le 
of energy. (Edward Belbruno, 

tion, March 4, 1988.) 


Ciuren 3. Trousis wrm Uranus 


1. Herschel's work on double stars. 
showed that many were binary 
around each other and not accidents: 
He and most other scientists were 
gravity held these systems together, 
tainty about distance to the stars at 
proof of gravity's roleat stellar di 


Most notably Placidus Fixlmillner in 17% 


Baptiste Joseph Delambre in 1788. 
the first to point out that the p 


postdiscovery observations of Uranus c 


reconciled. Delambre was the first toi 


gravitational perturbations of Jupiteran 


Uranus in his calculations. 


10. George B. Airy, 
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4 Asseen from Earth, the brightness of Uranus doesn't 
change much asit revolves around the Sun because 

farih’s orbit is comparatively tiny and thus its 

distance from Uranus is always large. The average 
distance of the Earth from Uranus (which is the same 

fs the Sun-Uranus distance) is 1.8 billion miles (2.9 

billion kilometers). At its closest the Earth is 1.7 

pillion miles from Uranus; at its farthest, 1.9 billion 

miles. The difference between closest and farthest 
is about 11 percent, resulting in a difference in 
brightness of about 20 percent. The phase of Uranus 
is not a significant factor in its brightness because 
jts orbit is so far outside the orbit of the Earth that 
Uranus always presents a full or very nearly full 
. At its faintest Uranus is about magnitude 5.8. 

4, Bode was assisted in this identification by Placidus 
Fiximillner. 

& Le Monnier publicly acknowledged 4, but Dennis 
Ravlins examined Le Monnier's observation journal 
and found that Le Monnier had penned marginalia: 
indicating that he recognized he had observed 
Uranus 9 times without recognizing it as something 
other than a star. See Dennis Rawlins, "The 
Unslandering of Sloppy Pierre," Astronomy 9 
[September 1981): 24, 26, 28. 

Did Le Monnier publish only his earliest observa- 
tions because he was embarrassed by liis oversight, 
or as science historian Ruth Freitag suggests, was he 
more concemed about the usefulness of his positions, 
feeling that the others, so closely spaced, would not 
help much in the effort to refined orbit calculations? 
[Personal communication, March 24, 1988.) 

Le Monnier actually recorded but did not recognize 
Uranus 12 times. 

6. Twenty-two prediscovery sightings of Uranus are 

now known. 

7, Rawlins 

& Alexis Bouvard, Tables astronomiques publiées par 

Je Bureau des longitudes de France contenant les 

tables de Jupiter, de Saturne et dUranus, construites 

daprés la théorie de la mécanique céleste (Paris: 

Bachelier et Huzard, 1821), p. xiv. Cited by Morton 

Grosser, The Discovery of Neptune (Cambridge: Har- 

vard University Press, 1962), p. 42. 

3. Alexis Claude Clairaut, Journal des scavans (Paris, 
1759], p. 86. Cited by Grosser, p. 49. 

"Account of Some Circumstances 

Historically Connected with the Discovery of the 

Planet Exterior to Uranus," Monthly Notices of the 

Royal Astronomical Society 7 (1846): 124-125. 


11. Valz, letter on Halley's Comet, Comptes rendus 1 

(September 21, 1835]: 130. Cited by Grosser, p. 51. 
‘The problem puzzling Valz was the discrepancy 

between the carefully calculated perihelion date and 
the actual date of the comet's passage. This 
discrepancy is now known to be caused by non- 
gravitational forces—vaporization from the surface 
of a rotating comet that either brakes or accelerates 
the body and thus alters its orbit slightly 

12. Astronomische Nachrichten 13 (1835); col. 94. Cited 
by Grosser, p. 51. 

13. Cited by Grosser, pp. 51-52. 

14. Madler, Populäre Astronomie (Berlin: C. Heymann, 
1841], p. 13. Cited by Grosser, p. 56. 


(Cuaprer 4. Neprunt: Tre Praner Founn ow A Suet oF PAPER 


1. W.M. Smart, John Couch Adams and the Discovery 
of Neptune, Occasional Notes of the Royal 
Astronomical Society, No. 11 (August 1947), p. 42. A 
poster bearing these words dates from 1847. [Smart 
was the first John Couch Adams Professor of 
Astronomy at Cambridge University.) 

. Smart, p. 45. 

. Library of St. John's College, Cambridge University. 

. George Biddell Airy, "Account of Some Cir- 
cumstances Historically Connected with the Dis- 
covery of the Planet Exterior to Uranus," Monthly 
Notices of the Royal Astronomical Society 7 (1846): 
145. 

5. Inthe case of Saturn and Uranus, Bode's Law worked 
well but seemed slightly on the long side. Perhaps 
Adams was compensating for that. 

6. George Biddell Airy, Autobiography, edited by 
Wilfrid Airy (Cambridge: At the University Press, 
1896), p. 172. 

7. Ayearlater, when the consequences had been played 
out, Adams and Airy were comparing recollections 
of events by mail. In a letter dated November 18, 
1846, Adams noted: "I was . . . much pained at not 
having been able to see you when I called at the Royal. 
Observatory the second time, as I felt that the whole 
matter might be better explained by half an hour's 
conversation than by several letters." (Smart, p. 56.) 

8. This assessment is well expressed by Morton Grosser 
in The Discovery of Neptune (Cambridge: Cam- 
bridge University Press, 1962), p. 91. 

9. This story is based on Lassell's recollection as told 
toastronomer Edward S. Holden in 1876. Holden did 
not publish this account until 1892, after the deaths 
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of Lassell and Adams. However, Robert W. Smith 
believes that Lassell’s memory was faulty and that 
these events occurred in September 1846, only slight- 
ly before Neptune was found at the Berlin Obser- 
vatory. In any case, Adams’ mathematical results 
were not known to a wide circle of British scientists 
before the optical discovery of Neptune. "William 
Lassell and the Discovery of Neptune," Journal for 
the History of Astronomy 14 (February 1983): 30-32. 

10. Asked later why he didn't immediately respond to 
‘Airy's question, Adams replied, "I should have done 
so; but the enquiry seemed to me to be trivial." 
(Smart, p. 57.] 

11. Harold Spencer Jones, John Couch Adams and the 
Discovery of Neptune (Cambridge: Cambridge 
University Press, 1947), p. 22. 

12. Comptes rendus 22 (June 1, 1846}: 918. 

13. This and the following quotations from Airy's cor- 
respondence may be found in Airy, "Account," pp. 
132-136. 

14. Smart, p. 59. 

15. John Herschel, "Le Verrier's Planet," Athenaeum 
(October 3, 1846): 1019. 

16. Herbert Hall Turner, "Obituary of Johann Gottfried 
Galle," Monthly Notices of the Royal Astronomical 
Society 71 (February 1911): 279. 

17. Willy Ley, Watchers of the Skies (New York: Viking 
Press, 1963), p. 411. 

18, Smart suggests that Encke may have been waiting 
for the next chart to be printed so that he could 
economize by sending two at once |p. 80). 

19, In celestial geocentric longitude, Le Verrier's predic- 
tion for the evening of September 23, 1846, was 324 
degrees 58 minutes. Galle found it at 325 degrees 52 

minutes 45 seconds—a difference of about 55 
minutes of arc—less than one degree. 

20. Comptes rendus 23 (October 5, 1846): 659. 

21. The exact dateis not certain, but Challis wrote Arago 
on October 5, 1846, to say that he had seen a disk 
on September 29, before news of the planet's dis- 
covery reached him. If Kingsley's account is accurate, 
the detection of a disk may have taken place during 
the second week in September, but that would pre- 
sume that Challis suppressed the earlier observation. 

22. Airy, "Account," p. 143. 

23. Grosser, p. 123. 

24. Grosser, p. 126. 

25. Grosser, p. 120. 

26. Smart, p. 65. 


l. Francois Arago, "Examen des 
des questions de priorité que la décoi 
Verrier a soulevées," Comptes rendi 
19, 1846): 741-754. 
Grosser, p. 133. 
Adams full work would normally h 


ed by the Royal Astronomical Society, 


at the time publishing a long paper. 


longitude of Valentia. William Sami 


superintendent of the Nautical 
pressed by Adarhs accompli 
vened and printed Adams research 
to the Nautical Almanac for 1851 
1846). 

‘The complete title of Adams’ 
planation of the Observed 
tion of Uranus, on the Hypothesis o 


‘Caused by a More Distant Planet; with? 


ing Body." 

. Monthly Notices of the Royal 
7 (November 13, 1846]: 150. 

. Smart, p. 83. 
Olin J. Eggen, "James Challis," Dicti 
tific Biography (New Yoi E 
1974). 
N. T. Roseveare, Mercury's P 
rier to Einstein (Oxford: Charen 
Airy wanted to add this il 
asastronomer royal for extra sary 
was not willing. Two of Airy's chief 
unsuccessfully for the post. Airy 
satisfaction that it was given to 
See Airy, Autobiography, p. 216. 


Cuarrer S. Percival Lowet AND PLANET X. 


1 Among them was US. Naval 
astronomer David Peck Todd, who 
graphical analysis of the perturbati 
predict a planet at 52 astronom 
period of 375 years, a diameter of i 
apparent disk of about 2 arc. 
tude of 13 or fainter. Using the Na 
26-inch refractor, he searched for 
nights from November 1877 to 

Other early seekers for a trans Ne 
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forbes [Scotland], Camille Flammarion |France], 
Karel Zenger (Czechoslovakia), Oskar Reichenbach 
(Germany), Hans Emil Lau (Denmark), Gabriel 
Dallet (France), Theodore Grigull (France), Alexander 
Garnowsky [Russia], Choren M. Sinan (Turkey), and 
‘Thomas Jefferson Jackson See (United States). In 
1907, Jean Baptiste Aimable Gaillot of France ex- 
amined the motions of Uranus and Neptune and 
could find no indication of perturbations by an outly- 
ing planet. But later he agreed with William H. 
Pickering s 1908 analysis and predicted two planets 
himself. Martin Grosser, "The Search for a Planet 
beyond Neptune,” Isis 55 (August 1964): 163-183. 

2 Percival Lowell, Mars (Boston: Houghton Mifflin, 
1895), p. V- 

+4, William Lassell, discoverer of Neptune's moon Tri- 
ton in 1846, became the first astronomer on record 
to take his telescope to a remote site for better observ- 
ing when he moved his 24-inch reflector from 
England to Malta in 1852. In 1860 he erected a 
48-inch reflector there. He continued his observa- 
tions from Malta until 1864, when he returned to 
England with his telescopes. 

“4 Clyde W. Tombaugh and Patrick Moore, Out of the 
Darkness: The Planet Pluto (Harrisburg, Penn- 
sylvaniz: Stackpole Books, 1980], p. 83. 

3 William Graves Hoyt, Planets X and Pluto (Tucson: 
University of Arizona Press, 1980), p. 104. 

6 The ecliptic is the plane of the Earth's orbit around 
the Sun. All the planets out through Neptune revolve 
around the Sun in orbits that lie close to the ecliptic, 
hence the ancient development of the concept of the 
zodiac, the band of the sky centered on the ecliptic 
beyond which the known planets never strayed, The 
ecliptic is inclined only 1.6 degrees to the “invariable 
plane," the mean plane of the solar system. 

T. Percival Lowell, Memoir on a Trans-Neptunian 
Planet (Lynn, Massachusetts: Press of T. P. Nichols, 

_ 1915; Memoirs of the Lowell Observatory 1.1). 

| Hoyt, p. 109. 

Lowell never explained why he assumed this par- 
ticular distance. Apparently he felt that 47.5 
astronomical units was the best fit for a hypothetical 
planet that |1) was suspected of influencing the or- 
bits of a family of short-period comets, (2) satisfied 
a graphical plotting of the residuals of Uranus, and 
(8) bad a period of revolution that was commensurate 
with (standing in an even number ratio to) the 
periods of Uranus and Neptune so that the planets. 


would regularly line up with one another at specific. 
places in their orbits to create the most measurable 
perturbations. 

10. With modifications, this was the instrument Tom- 
baugh used to find Pluto. 

11. This was his second collapse from "neurasthenia." 
His first was in May 1897, and he did not fully 
recover for three years. 

12. This and the following Lowell quotations may be 
found in Hoyt, pp. 124-132. 

13. In his later calculations Lowell experimented with 
different estimates of the distance of Planet X from 
the Sun. He obtained solutions that seemed to ac- 
count more satisfactorily for the perturbations in the 
motion of Uranus and Neptune when the distance 
of Planet X was closer to 44 astronomical units. 

‘Mathematical derivations of the position of an un- 
seen planet near the plane of the solar system from 
its gravitational effect on another planet (such as 
Adams and Le Verrier achieved and Lowell was at- 
tempting) yield two simultaneous solutions about 180 
degrees apart—nearly opposite one another in the 
sky. We experience this same problem with ocean 
tides. High tides occur about twice a day: once when. 
the Moon is above our location and again later that 
day when the Moon is on the opposite side of the 
Earth from our location, We cannot tell simply from 
locking at the tide whether the Moon is above us or 
on the opposite side of the Earth. 

‘Thus Lowell's trans-Neptunian planet appeared to 
him on paper as two Planets X—at least one of them 
spurious, Other criteria would then have to be used 
to eliminate one of the solutions. 


Cures 6. Tas Discovery or Pruto 


1. For Tombaugh's own description of the Planet X 
search, see Clyde W. Tombaugh and Patrick Moore, 
Out of the Darkness: The Planet Pluto (Harrisburg, 
Pennsylvania: Stackpole Books, 1980), especially pp. 
114-130. 

2. Tombaugh, personal communication, February 18, 
1988. 

3. Tombaugh quoted by William Graves Hoytin Planets 
X and Pluto (Tucson: University of Arizona Press, 
1980), p. 188. 

4. Hoyt, p. 192. Earl Slipher was out of town on 
February 18 and did not immediately know about 
the discovery. 
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5. This telescope was a 40-inch reflector until 1925. 
Clyde Tombaugh explains, “In parabolizing the figure 
of mirrors, itis often difficult to avoid a ‘turned down! 
edge, and telescope makers will use a blank two or 
three inches larger than the contract diameter of 
aperture. Then they diaphragm out this narrow 
defective zone at the edge by a metal ring covering. 
When it was discovered that the figure was true to 
the very edge, they merely removed the ring mask 
in the mirror cell, yielding a 42-inch aperture." (Per- 
sonal communication, February 18, 1988. 

Hoyt, p. 200. 

7. Tombaugh and Moore, p. 136. The astronomer 
"whose abrasive personality had made him univer- 
sally detested" is identified by Patrick Moorein "The 
Naming of Pluto,” Sky & Telescope 68 (November 
1984]: 400-401. 

8. Venetia Burney's suggestion was telegraphed to the 
Lowell Observatory by astronomer and family friend 
Herbert Hall Turner. For more details, see Moore, 
400-401. 

Clyde Tombaugh recalls "that the Lowell Obser- 
vatory staff was already considering the name Pluto 
before the publicannouncement of the discovery and 
before the first outside suggestion by Venetia Bur- 
ney." (Personal communication, February 18, 1988.| 

9. Annie J. Cannon, "William Henry Pickering: 
1858-1938," Science 87 (February 25, 1938]: 
179-180. 

10. See Hoyt and also Tombaugh and Moore for a re- 
counting of this debate. 


Chapter 7. Towar URANUS 


1. James Elliot, "Uranus: The View from Earth," Sky 
& Telescope 70 (November 1985): 415-419. 

2. Hydrogen in the atmosphere of Uranus was iden- 
tified by Vesto M. Slipher at the Lowell Observatory 
in the period 1902-1904. Methane was identified by 
Rupert Wildt in 1932. Slipher also used spec- 
trography in 1912 to determine the rotation period 
of Uranus. 

3. The discovery is described by James Elliot and 
Richard Kerr in Rings: Discoveries from Galileo to 
Voyager (Cambridge: MIT Press, 1984). 

4. Using an orbital transfer trajectory, which requires 
the least energy. 

5. Flandroalso discovered that Pluto could be reached 
by gravity assist from Jupiter, but the positions of the 


(Carrer 8. Tue Grann Tour or Vovisn 2 


outer planets in the 1980s precluded a 
tory to all of them. 


. There were monthlong launch wi 
1977, and 1978, but 1977 presented. byi 
opportunity. 

- It still has not adopted one. Fora pr 
the report of the National Cor 
Pioneering the Space Frontier (New Ye 
Books, 1986), and Thomas R. McD; 
The Next Twenty-Five Years (New York: | 
& Sons, 1987). 


1. I first heard this kind of characterizat 
2 expressed during the Uranus encour 
C. Stone, project scientist for the Vo 
. The scan platform pivots in azimuth ar 
Tt was the azimuth motion that stuck, 
j. The roll axis of the spacecraft is the d 
the high-gain antenna (the big dish) 
cameras and most of the instruments 


So rolling the spacecraft moves the 
azimuth. The ability of the cameras t 
down in elevation is unimpaired. 


Charles Kohlhase explains that rolling 


spacecraft was the preferred mode for! 
and data at Uranus because sı 


because it used stepping motors, it 
match target motion speeds. (P 

tion, March 7, 1988.) 

A few months after launch, Voyager 1 
a similar problem but lost a much 

its memory. 


The time taken to broadcast a picture: 
confused with the time it takes that; 
the Earth. Because of the 483 t 
million kilometers] between Jupiter 
‘would take the picture message about. 
space travel at the speed of light to a 
planet. 


Crap 9. Trumps ar URANUS 


1. Andrew P. Ingersoll 
255 (January 1987]: 38-45. 
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The Sun could stand directly above the Uranian poles 
if the rotational axis of the planet lay exactly in its 

Jane of revolution. However, the axis of Uranus lies 
about 8 degrees from the plane of revolution, so the 
Sun can never be seen vertically above any point 
within 8 degrees of the poles. 

4, Uranusis considered to be a retrograde rotator, thet 
is, spinning on its axis in the opposite direction of 
the majority of planets. As one looks down on the 
north pole of Earth, our planet spins counterclock- 
wise. As one looks down on the north pole of Uranus, 
the planet spins clockwise. If one defines cast as the 
direction to the right when one looks north, then 
Uranus rotates east to west. On Uranus, then, the 
‘Sun rises in the west and sets in the east. 

4, Because of the off-center magnetic axis, the latitudes 
of the magnetic poles of Uranus are different. The 
"positive" [north magnetic) pole has a latitude of 152 
degrees south of the equator, while the "negative" 
(south magnetic] pole has a latitude of 44.2 degrees 
north of the equator (using the International Astro- 
nomical Union's definition for rotational poles in 
which the sunlit pole that greeted Voyager 2 was the 
south rotational pole]. 

5. The magnetic field of Earth is generated deep within 
our planet but not at its center, because the inner core 
is solid. Instead, the Earth's magnetic field is 
generated around the center in the liquid outer core. 

6 During a magnetic field reversal on Earth, the 
strength of the field drops to near zero, leaving our 
planet without the protection of this magnetic shield 
to deflect high-speed subatomic particles from the 
Sun and deep space. 

7. Jupiter and Saturn do have auroras as well. 

8, Robert Hamilton Brown, personal communication, 
April 9, 1988. 

9. The best 1988 measurements of excess radiation 

from the giant planets were as follows: 


Jupiter 17 

Saturn 18 

Uranus less than 1.2 
Neptune 20 to 2.5 


Neptune generates only alittle more internal energy 
than Uranus but receives much less sunlight, so its 
excess energy ratio is higher. Data supplied by An- 
drew P. Ingersoll, personal communication, February 
26, 1988. 

10. Andrew P. Ingersoll, "Jupiter and Saturn," Scientific 
American 245 (December 1981}: 90-108. Why should 


1L 


12. 


13. 


14. 


15 


16 


17. 


18. 


19. 


20. 


this process be under way at Saturn but not Jupiter? 
Professor Ingersoll explains that metallic hydrogen 
and helium can.be kept mixed only under high 
temperatures. The temperature inside Saturn has 
cooled sufficiently for the helium to begin to separate 
out. This process should eventually happen at Jupiter 
and may be beginning already. (Personal communica- 
tion, February 26, 1988.) 
Based on data assembled by James Elliot end his col- 
leagues on the gravitational field of Uranus derived 
from perturbations of its rings. Vladimir Zharkov of 
the Soviet Union was the first to propose that the 
mantle and atmosphere of Uranus were mired 
together rather than in distinct layers. 
A character named Ariel also appears in Shake- 
speare's The Tempest. 
The orbit of Miranda is just slightly inclined (4 
degrees) to the planet's equator. 
At Jupiter's distance from the Sun and closer, 
asteroids are a hazard too. 
One of the Voyager geologists, Eugene M. Shoemaker, 
suggests that Titania was blasted apart by a large 
planetesimal, but the shattered pieces of Titania 
remained in orbit and reassembled themselves by 
gentle collisions and mutual gravitation, thereby 
erasing all traces of the early bombardment phase. 
Torrence V. Johnson, Robert Hamilton Brown, and 
Laurence A. Soderblom, "The Moons of Uranus," 
Scientific American 256 [April 1987): 48-60. 
The Voyager scientists often refer to these grooved 
ovoids as circi maximi (plural of circus maximus), 
named after the chariot racetracks of ancient Rome. 
For two of the three ovoids, the other dimension 
was unknown because they extended out of sight 
across the equator. 
Robert Hamilton Brown, "Exploring the Uranian 
Satellites," Planetary Report 6 (November/December 
1986): 4-7, 18; also, personal communication, April 
1, 1988. 
Lawrence Soderblom and Bradford A. Smith quoted 
in Jonathan Eberhart, "Mysteriousy Muddled 
Miranda,” Science News 129 (February 15, 1986); 
103-04. = 
"Towards a Theory for the Uranian Rings," Nature 
277 (January 11, 1979): 97-99. 
One of the two rings that Voyager 2 discovered isnot 
extremely narrow. 1986U2R, the innermost ring, is 
very tenuous, relatively dusty, and has a width of 
1,500 miles (2,500 kilometers). 
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21. Ernst J. Öpik had proposed a similar idea in 1932. 

22. Estimated for comets with an absolute B magnitude 
brighter than 18 by B. A. Smith, L. A. Soderblom, et 
al. in “Voyager Z in the Uranian System: Imaging 
Science Results," Science 233 (July 4, 1986]: 43-64. 

23. Carolyn C. Porco, "Voyager 2 ard the Uranian Rings," 
Planetary Report 6 (November/December 1986): 
1148. 


Crurrex 10. Arronment wrn Neptune. 


1. In September 1985, Voyager 2 had been scheduled 
to pass only 800 miles (1,300 kilometers) above Nep- 
tune's north polar cloud tops and only 6,200 miles 
(10,000 kilometers) from Triton. But concern about 
collisions with particles in Neptune's arc ring system 
as Voyager 2 passed through the equatorial plane on 
approach to the planet caused mission scientists and 
designers to elect a more conservative path in 
January 1987. 

2. This comparison to Earth twilight was provided by 
James A. DeYoung, Nautical Almanac Office, US. 
Naval Observatory. The light level is approximately 
equal to the Sun 2 degrees below the horizon on a 
clear day with brightness measured by reflection off 
a flat surface. 

3. This work was done by Dale P. Cruikshank, Robert 
Hamilton Brown, and Michael J. S. Belton. 

4, Bradford A. Smith, Harold J. Reitsema, and Stephen 
M. Larson in 1979; Richard J. Terrile and Bradford 
A. Smith in 1983, using a CCD with the 100-inch 
(25-meter] telescope at the Carnegie Institution of 
Washington's Las Campanas Observatory in Chile; 
and Heidi B. Hammel in 1986, using a CCD with the 
University of Hawaii's 88inch (2.24-meter) telescope 
at the Mauna Kea Observatory. 

5. Harold J. Reitsema, William B. Hubbard, Larry A. 
Lebofsky, and David J. Tholen, "Occultation by a 
Possible Third Satellite of Neptune," Science 215 
(January 15, 1982): 289-291. 

6. William B. Hubbard explains, “There were two com- 
puter printouts from the telescope. One recorded the. 
maximum and minimum reading every 3.4 seconds. 
‘The event is dimly visible in this record. The other 
printout recorded 5-second averages of the data. The 
‘event is also faintly detectable in the record, in chan: 
nel 2, But we weren't convinced until we saw the full 
data display, with one data point every 0.01 second." 
(Personal communication, March 8, 1988.) 

7. W. B. Hubbard, A. Brahic, B. Sicardy, L-R. Elicer, F. 


Roques, and E Vilas, "Occuliation D 
Neptunian Ring like Arc," Nature 319 [Feb 
1986): 636-640. 

8. Jack J. Lissauer, "Shepherding Model for Nept 
Arc Ring," Nature 318 (December 12, 1985). 
544-545, and Peter Goldreich, Scott Trem 
Nicole Borderies, "Toward a Theory for Nef 
Arc Rings," Astronomical Journal 92 (August i 
490-494. - 

9. Personal communication, March 18, 1988, — 

10. Of all the bodies in the solar system, only Ba 
Titan, and Triton have predominantly nitrogen 
atmospheres. 

11. At its closest approach to Neptune, Voyager 2 was. 
traveling 61,000 miles per hour (27.3 ki id 
second) with respect to the planet. "a 


Cuurrsn 11. Vovacers vo THE STARS 


1. The first prediction that the heliopause would lie 
beyond Neptune and Pluto rather than between 
Jupiter and Uranus was by T. R. McDonoughandN. 
M. Brice, "The Termination of the Solar Wind [Solar 
Wind Termination Distance as Function of Flux, 
Velocity and Interstellar Hydrogen Density, Veloci 
ty and Magnetic Field Strength)," Icarus 15 [Decem- 
ber 1971): 505-510. » 

2. Voyager flight and stellar-encounter data in 1 
chapter were provided by Robert J. Cesarone 
PRAE a 
Laboratory, personal communication, February 1988; 
and Robert J. Cesarone, Andrey B. Sergeyevsky, and 
Stuart J. Kerridge, "Prospects for the Voyager Extra 
Planetary and Interstellar Mission," Journal ofthe 
British Interplanetary Society 37 (March 1984): 
99-116. 

Cesarone cautions that the distances and radial 
velocities of nearby stars are not known with great 
accuracy, and therefore the times and distances of 
Voyager encounters with these and other stars are 
only approximate. M 

3. AC stands for Astrographic Catalog: +79 isthe sars 
approximate declination (degrees north, in this ase, 
of the celestial equator]; and 3888 is the r 
try for that star in that region. sA 

4. "The closest passage of Ross 248 to the Sun is2.9 light 
years, about 35,000 years from now. AC» 79 3888 will 
pass 3.0 light-years from the Sun in 40,600 years 

5. Carl Sagan, Murmurs of Earth: The Voyager In: 
terstellar Record (New York: Random House, 1978) 


Endnotes 277 


Qua 12. Tae Smauesr Paver 


1, specifically, Kepler's third law as modified by 
Newton. 

+, In 1966, Pluto failed to occult a star along its path 
thereby confirming that it was less than 4,200 miles 
(6800 kilometers) in diameter. 

4, Merle F. Walker and Robert Hardie, "A Photometric 
Determination of the Rotational Period of Pluto,” 
Publications of the Astronomical Society of the 
Pacific 67 (1955): 224-231. 

4, Dale P. Cruikshank, Carl B. Pilcher, and David 
Morrison. 

5, Donald M. Hunten and Andrew J. Watson, Stabili- 
ty of Pluto's Atmosphere, Icarus 51 (1982): 665-667. 

6, Christy explains, "T had initiated the request to take 
these plates two years earlier. Because we were do- 
ing Neptune and Uranus, T thought we should com- 
plete the trio. The primary purpose for Plato was 
‘rbital-position measurement, but because we were 
measuring the position of the moons of Uranus and 
Neptune, I had included in my rationale the poten. 
tial for discovering a moon of Pluto via possible per- 
turbations in Pluto's motion." (Personal communica- 
tion, February 15, 1988.) 

7. Christy thought that the light variation period and 
the moon's orbital period were identical and in- 
formed Robert S. Harrington of this likelihood. “I as- 
sumed,” said Christy, "that the light period was 
caused by the moon, which was incorrect, Harr- 
ington quickly (I don't recall when) realized that 
Pluto and Charon were tidally coupled, thus the rota- 
tion period {my italics] was identical to the orbital 
period. This was a critical insight which made early 
interpretation of the physics correct in every 
respect.” (Personal communication, February 15, 
1988) 

& Robert S. Harrington, personal communication, 
January 26, 1988. 

9, Edith Hamilton says Charon's boat crossed Acheron, 
the river of woe, and Cocytus, the river of lamenta- 
tion, where the two waters flowed together. 

10. Harrington and his wife named their daughter, born 
soon after the discovery, Ann Charon Harrington. 

11. The combined mass of the Pluto-Charon system is 
0.0026 the mass of Earth. From this measurement 
Pluto's mass could be approximated from its 
estimated size and density. Pluto's mass is about 
0.0022 the mass of Earth if Charon's mass is about 
15 percent of Pluto's. 


12, In 1973, Leif E. Andersson and John D. Fix suggested 
that Pluto's axis was steeply tilted because of changes 
in the amount of light reflected from Pluto as it 
rotated, "Pluto: New Photometry and a Determina- 
tion of the Axis of Rotation," Icarus 20 (1973|: 
279-283. 

18. As defined by the researchers in the field, in which 
the north pole is the one that spins counterclockwise 
as seen from above. This designation differs from the 
International Astronomical Union's convention, 
which defines a planet's north pole as the one north 
of the ecliptic. The latitude of Pluto directly beneath 
Tombaugh's gaze was roughly 60 degrees south. 
(Marc W. Buie, personal communication, March 8, 
1988.) 

14. William B. McKinnon cautions that another inter- 
pretation isat least as likely: that Pluto's surface may 
be reflective methane ice and the dark equatorial 
band may be either a coating deposited on top of the 
reflective surface (like that on Saturn's Iapetus?) or 
methane that, under ultraviolet light from the Sun 
has chemically reacted to form dark-colored 
hydrocarbon chains. If Pluto has a crust of soft 
methane ice, McKinnon notes, the craters may have 
sagged and disappeared. (Personal communication, 
April 29, 1988.) 

15. From Pluto at perihelion, the Sun subtends approx- 
imately 65 seconds of arc—30 times less than on 
Earth. The disk of the Sun as seen from Pluto is about 
the same size as the disks of Venus (at its brightest] 
and Jupiter (at its closest) when seen from Earth. To 
the eye they appear starlike. 

16. Ataphelion in the year 2113, when Pluto is 49.3 as- 
tronomical units (46 billion miles; 7.4 billion 
kilometers} from the Sun, visitors on Pluto will see 
the Sun 2,400 times fainter than the Sun appears on 
Earth. Even so it will still be 160 times brighter than 
Earthlings see the full Moon. 

17. Presuming that we landed ona level plain. For com- 
parison, a person on Earth would see a companion 
disappear over the horizon at a distance of 6 miles 
(9.5 kilometers]. On the Moon, a companion would 
disappear at a distance of 3 miles (5 kilometers). 

18. Unless some of the asteroids have satellites and they 
exhibit this behavior. No satellites for asteroids have 
been found. 

19. If Charon had been blanketed by methane ice 14 
miles (22 kilometers) deep at the beginning of the 
solar system, all that ice would have vaporized by 
now. Donald M. Hunten and Andrew J. Watson, 
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"Stability of Pluto's Atmosphere," Icarus 5 (1982): 
665-667. 

20. Charon’s altitude and azimuth in the sky could vary 
slightly according tothe eccentricity and inclination 
of its orbit, but in a system where both bodies are 
close together and relatively close to the same mass, 
gravity compels the eccentricity and the orbital in- 
clination to be zero or very nearly zero. 

21. For this eclipse, Charon is imagined to be spherical. 

22. August 25 according to universal time (at the prime 
meridian at Greenwich, England) but prior to mid- 
night on August 24 at the Jet Propulsion Laboratory, 
mission control for Voyager 2, which is in the Pacific 
‘Time Zone. 

23. "Professor Yamamoio's Suggestion on the Origin of 
Pluto," Bulletin of the Kwasan Observatory (Kyoto 
Imperial University} 3.288 |August 20, 1934]. 

24. Gerard P Kuiper, “Further Studies on the Origin of 
Pluto," Astrophysical Journal 125 (January 1957): 
287-289: and "The Formation of the Planets," Jour- 
nal of the Royal Astronomical Society of Canada 50 
(1956): 171-173, 

25. Neptune and Pluto can never be closer tooneanother 
than 1.5 billion miles (2.5 billion kilometers). See J. 
G. Williams and G. S. Benson, "Resonances in the 
Neptune-Pluto System,” Astronomical Journal 76 
(March 1971): 167-177. 

26. James H. Applegate, Michael R. Douglas, Yekta 
Gürsel, Gerald J. Sussman, and Jack Wisdom, "The 
Outer Solar System for 200 Million Years," 
Astronomical Journal 92 (July 1986): 176-194; and 
Jack Wisdom, "Chaotic Dynamics in the Solar 
System," Icarus 72 (November 1987]: 241-275. 

27. William B. McKinnon, "On the Origin of Triton and 
Pluto" Nature 311 (September 27, 1984): 355-358, 

28. William B. McKinnon and Steve Mueller, “Pluto 
Structure and Composition: Evidence for a Solar (vs. 
Planetary) Nebula Origin" (not yet published). Per- 
sonal communication, April 29, 1988. 

29. James W. Young, at the California Institute of Tech- 
nology's Table Mountain Observatory in Wright- 
wood, California, has often been able to see Pluto 
with a 6-inch (15-centimeter) telescope. 


(Cuarrer 13. Is Tuere a Tewm Praner? 


1. This Tombaugh quotation and others that follow may 
be found in Clyde W. Tombaugh and Patrick Moore, 
Out of the Darkness: The Planet Pluto (Harrisburg, 
Pennsylvania: Stackpole Books, 1980), pp. 190-190. 


. See “Chronology of the Search for a 


on page 258 of this book. For a descripti 
proposals for a tenth planet, see Wil 
Hoyt, Planets X and Pluto (Tucsor 
Arizona Press, 1980). 


. Robert S. Harrington and Thomas C. Var 


"The Satellites of Neptune and theO 
Icarus 39 (1979): 131-136. 


. Harrington, personal communication, Jany 


1988, 


. If a tenth planet is ever discovered, an; 


name would be Persephone (or Proserpina 
after the beautiful young woman 
napped to be his wife. Asteroid 399, 
bears that appelation, would have to be; 
maybe not. Charles T. Kowal points. 
asteroid names have been expropriated. 
without renaming the asteroids, 


j. Luis W. Alvarez, Walter Alvarez, F 


Helen V. Michel, “Extraterrestrial Ca 
CretaceousTertiary Extinction," Science 
6, 1980|: 1095-1108. 
David M. Raup and J. John Sepkoski, 
of Extinctions in the Geologic Past,” Pro 
the National Academy of Sciences USA 8 
1984): 801-805. 

‘They found the period between ext 
approximately 26 million years. 
team found evidence that large craters 
been formed in cycles of 28 million yee 
peaks in cratering activity coincided with 
mass extinctions within the accuracy 
methods. The cycles were in phase, 


. Daniel P. Whitmire and Albert A. Jack: 


Periodic Mass Extinctions Driven by aD 
Companion?" (713-715) and Marc D 


and Richard A. Muller, "Extinctions of Sp 


Periodic Comet Showers" (715-717], 
(April 19, 1984). 

The solar companion postulated by 
Jackson was somewhat smaller and 
elongated than the one postulated by Davi 
Muller. 


. See John J. Matese and Daniel P. Whit 


X asthe Source of the Periodic and 

of Short Period Comets,” in Roman 

John N. Bahcall, and Mildred S. Matthes 
Galaxy and the Solar System (Tucson: Un 
Arizona Press, 1986], pp 297-3 

mire, "Planet X and the Origin of the Sho 
Steady State Flux of Short-Period Comets; 
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(1986): 37-50; and Whitmire and Matese, "Periodic 
Comet Showers and Planet X,” Nature 313 (January 
3, 1985]: 36-38. 

40, Eugene M. Shoemaker and Ruth F. Wolfe, “Mass Ex- 
tinctions, Crater Ages, and Comet Showers,” in 
Snoluchowski, Bahcall, and Matthews, pp. 376-381. 

1}, John Anderson and E. Myles Standish, Jr., "Dynamic 
Evidence for Planet X," in Smoluchowski, Bahcall 
and Matthews, pp. 286-296. 

12. Conley Powell, "A Mathematical Search for Planet 
X,” to be published in the Journal of the British In- 
terplanetary Society in 1988. 

Powell lists the precise numbers that emerge from 
his calculations but stresses that the range of uncer- 
tainty in mass, distance, period, location, and other 
characteristics is very great. 

43, Chester explains: Without extreme cooling, the sen- 
sors warm up to the surrounding temperature and 
thus detect only their own heat. IRAS could then see 
only itself and therefore had gone blind. (Personal 
communication, February 11, 1988.| 

14. IRAS didn't have fine resolution, so it would be pos- 
sible for a tenth planet to escape detection by being 
too nearly in front of a star to be seen by IRAS as 
a separate object. 

15. Brown dwarfsis an unfortunate and confusing name 
because these objects are not brown in color and 
because dwarf in astronomy has previously been 
reserved for stars or former stars, not substellar ob- 
jects. These objects are distinct from red dwarfs (nor- 
‘mal but low-mass stars) and black dwarfs (stars of 
moderate mass that have exhausted their ability to 
sustain nuclear reactions and have cooled, shrunk, 
ard thus dimmed through white dwarfhood to black 
dwarfs [not black holes}) 

16. Inseparate projects, Kowal discovered 81 supernovae 
(exploding supergiant stars) and one and a half 
satellites of Jupiter (Leda, moon #13, and a fourteenth 
moon that could not be confirmed with subsequent 
observations). 

17. Personal communication, March 14, 1988. 

18. Anderson and Standish, in Smoluchowski, Bahcall, 
and Matthews, pp. 286-296. 

19. Clyde W. Tombaugh, "The Discovery of Pluto: Some 

Generally Unknown Aspects of the Story, Part II," 

Mercury 15 (July/August 1986): 98-102. 


CHAPTER 14. VOYAGER 2 at NEPTUNE: BEYOND IMAGINATION 


1, When Voyager 2 arrived, Neptune was the most dis- 
tant planet in the solar system. Pluto's elliptical or- 


see 


10. 


au 


az 


. See Richard A. Ker 


bit brings it inside the nearly circular path of Nep- 
tune for 20 years out of every 248. Two and a half 
weeks after Voyager passed Neptune, Pluto reached 
perihelion, 37 million miles (60 million kilometers] 
closer to the Sun than Neptune. From 1979 to 1999 
Neptune is temporarily the outermost planet. 
Neptune emits as much energy as a black body at 
59*K. The measured temperature at Neptune's cloud 
tops (still being refined) is slightly higher than 80°K. 
Determined by Andrew P. Ingersoll. 

As proposed by David J. Stevenson. 

J. E. P. Connerney, Mario H. Acuña, and Norman F. 
Ness, "The Magnetic Field of Uranus," Journal of 
Geophysical Research 92 (December 30, 1987), pp. 
15,329-15,336. 

The distances of the rings from the center of Nep- 
tune are as follows: outer narrow ring (with arc 
clumps}, 39,100 miles (62,900 kilometers); outer 
broad ring, 36,700 to 33,100 miles (59,000 to 53,200 
kilometers]; inner narrow ring, 33,100 miles (53,200 
kilometers}; inner broad ring, 30,400 to 24,000 (2) 
miles (49,000 to 38,000 [7] kilometers). The cloudtops 
of Neptune are approximately 15,400 miles (24,750 
kilometers) from the planet's center. 


. The rings may show up marginally in reanalyzed star 


occultation data now that four frail rings are known 
to exist and their distance from Neptune has been 
measured. The third confirmed occultation turned 
out not to be caused by Neptune's ringsat all but in- 
stead by a previously unknown satellite that just hap- 
pened to eclipse the star. This story is told later in 
this chapter. 


"The Neptune System in 
Voyager's Aíterglow," Science 245 (September 29, 
1989], pp. 245-246. 

Alternatively, Nereid may be an original moon of 
Neptune that was perturbed into a new orbit when 
Triton was captured. 

Remember, however, that Cruikshank and his col- 
leagues had detected nitrogen and methane on Triton. 
and thereby prepared Voyager scientists to expect 
that Triton would have an atmosphere of nitrogen 
and methane gas, a surface covered at least in part 
by nitrogen and methane ice, and a reddish surface 
that is a consequence of radiation-processed 
methane. See Chapter 10. 

About 16 microbars (millionths of a bar), according 
to Voyager measurements. One bar is the pressure 
of the Earth's atmosphere at sea level. 

Voyager 2 took a total of about 9,000 pictures of the 
Neptune system. 
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13, 


14. 


15. 


16. 


17. 


Venusis suspected to have active volcanoes, but none 

has been observed. 

“West Plume," the first to be discovered, is at 50 

degrees south latitude; "East Plume" isat 57 degrees 

south. The Sun stood 50 degrees south as Voyager 

2 reached Triton. 

David J. Stevenson visualizes the geysers erupting 

from greater depth—tens of yards {meters]—due in 

part to sunlight penetrating the ice and in part to in- 

terior heat. 

The preliminary reports ofall the Voyager instrument 

teams appear in Science 246 (December 15, 1989), 

which is almost entirely devoted to Voyager 2 find- 

ings at Neptune. 

Iam very grateful to the following scientists who 

took time to help metry to understand the discover- 

ies at Neptune and Triton reported in this chapter 

and the new perspectives that have revised the final 

chapter: 

Dr. Robert Hamilton Brown, Jet Propulsion 
Laboratory 

Dr. Marc W. Buie, Space Telescope Science Institute 

Dr. J. E. P. Connerney, NASA Goddard Space Flight 
Center 

Dr. Dale P. Cruikshank, NASA Ames Research 
Center 

Dr. Andrew P. Ingersoll, California Institute of 
Technology 

Dr. Torrence V. Johnson, Jet Propulsion Laboratory 

Dr. Charles Kohlhase, Jet Propulsion Laboratory 

Dr. William B. McKinnon, Washington University 

Dr. Ellis D. Miner, Jet Propulsion Laboratory 

William J. O'Neil, Jet Propulsion Laboratory 

Dr. Carolyn C. Porco, University of Arizona 

Dr. Harold J. Reitsema, Ball Corporation Aerospace 
Systems Group. 
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Dr. Eugene M. Shoemaker, U.S. 

Dr. Bradíord A. Smith, University of 

Dr. Laurence A. Soderblom, US. 

Dr. David J. Stevenson, Californi 
Technology 

Dr. Richard Terrile, Jet Propulsion 

Dr. Peter Thomas, Cornell University 

Dr. Scott D. Tremaine, University of To 

Dr. Donald K. Yeomans, Jet Propulsion 


Chronologies 


Cuarrer 15. Cosmic Axctives: Wear Tue Oute 
Sysrem Can Tet. Us 


1. Many of these orbits were subsequently: 
circular by the tidal effects of the center: 
Way Galaxy and by passing stars and n 

‘The vast majority of primordial comets: 
to have formed in the plane of the 
beyond Neptune and Pluto and extendiny 
several thousand astronomical units. This 
Cloud is the reservoir from which the : 


The Discovery of Uranus 


1738, November 15 
1750 


1753 
1757, November 


1766 


William Herschel born 

Caroline Herschel born 

Herschel joins regimental band of the Hanoverian Guards 

Herschel flees to England as French occupy Hanover 

Herschel appointed organist for Octagon Chapel in Bath 

Caroline Herschel joins her brothers William and Alexander in England 

Johann Bode reprints Titius’ note about a relationship between planet distances 
(""Bode's Law”) 

Herschel purchases lenses and assembles and tests refracting telescopes 

Herschel is disappointed by refractor; rents a reflector; begins constructing his own 
reflectors 

American Declaration of Independence 

Herschel completes excellent 6.2-inch (7-foot focal-length) reflecting telescope; 
reduces his load of music students to allow more time for astronomy 

Herschel discovers Uranus while conducting his second all-sky survey 

Nevil Maskelyne proposes that Uranus is a planet 

Anders Lexell and others compute a circular orbit for Uranus, demonstrating that 
itis a planet. 

Victory at Yorktown ends American Revolution 

Herschel awarded Copley Medal by the Royal Society 

Herschel given subsidy by King George IIT; moves to near Windsor; abandons music 
as profession. 

Barnaba Oriani and others calculate first elliptical orbit for Uranus. 

Position predictions for Uranus using orbital calculations begin to fail 

Herschel moves to Slough [near Windsor}, where he lives for the rest of his life 

Herschel discovers the first two moons of Uranus (Titania and Oberon) 

Zachattempis and abandons effort to find " missing planet" predicted by Bode's Law 


nebulae strip away the outlying comets 
tumbling into the heart of the planeta 

2. The Trojan asteroids at the Lagrangian | 
Jupiter may be captured comets and 
changed (except by sunlight and the solar: 
the solar system was formed. Another pri 
candidate is Chiron, the outermost 
may be an exceptionally large comet. 

3. William B. McKinnon and Andrew C. 
Drag and the Evolution of a Capt 
{manuscript submitted for publication, 
Goldreich, N. Murray, PY. Longaretti 
field, "Neptune's Story; Science 245 (i 
pp. 500-504. 


1781, March 13 
April 4 


Summer 


October 19 
November 
1782, July 


1783 

1784 

1786, April 

1787, January and February 


American Constitution ratified 
1788 Herschel marries widow Pitt 
1789 Washington becomes first president of U.S. 

Herschel discovers sixth and seventh moons of Saturn (Enceladus and Mimas) 
1792, March 7 John Herschel born. 


1793 


Es William Herschel becomes a British citizen 


Zach convenes “Lilienthal Detectives" and organizes search to find "missing planet" 
predicted by Bode's Law 
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1801, January 1 
September-October 


December 31 
1802, March 28 
June 
1804, September 2 
1807, March 28 
1812 
1816 
1821 


The Discovery of Neptune 


1781, March 13 
1788 
1789 
1790 


1811, March 11 
1815 

1819, June 5 
1821 


1823 
1824 

1826 
1829-1830 
1831 


1831 
1834, November 17 


1835 


Guiseppe Piazzi discovers Ceres, the first asteroid 
Jetterson becomes president of U.S. 


Carl Friedrich Gauss develops new method for computing orbits from a min 


of sightings 

Zach recovers Ceres using position prediction by Gauss 

Wilhelm Olbers discovers a second asteroid: Pallas 

Olbers suggests that asteroids are fragments of a destroyed planet. 

Carl Ludwig Harding discovers a third asteroid: Juno 

Olbers discovers a fourth asteroid: Vesta 

War of 1812 between U.S. and Britain begins 

Herschel knighted 

Alexis Bouvard publishes his tables of Uranus in which he collects 17 pre 
sightings of Uranus and then ignores them in his effort to rectify thep 
the motion of Uranus. 

William Herschel dies 

Mexican-American War ends 

Caroline Herschel dies 


England 
William Herschel discovers Uranus 
Uranus orbit tables fail to match position of Uranus 
Washington becomes first president of United States 
Jean B. J. Delambre publishes: 
tables 3 
Urbain Jean Joseph Le Verrier 
Napoleon defeated at Waterloo 


John Couch Adams born 
Alexis Bouvard publishes 


France & Germany. 


Friedrich Bessel criticizes Bou 
especially for errors attribut 
astronomers 

Beethoven premieres his Ninth Symphony ("Choral") 
Deviation ‘of Uranus from Bouvard's tables becomes 
greater, alarming astronomers 
Uranus back in phase with position prediction tables 
Uranus begins to fall behind its calculated place 
Charles Darwin sails on H.M.S. Beagle to South America 
Amateur astronomer T. J. proposes 
to George B. Airy that a planet exists 
beyond Uranus; Airy discourages idea 
that position of such a planet could be 
calculated. 
Airy named astronomer royal 


Bouvard, under influence of P. A 
converted to idea that Uranu 
perturbed by an unknown 
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1835 Airy proposes that gravity diverges from Le Verrier becomes a chemist; publishes 
the inverse square law first scientific paper 
E. B. Valz, F. B. G. Nicolai, and Niccolò 
Cacciatore independently propose a 
planet beyond Uranus to account for per- 
TE Halley's Comet 
1836 Astronomers generally agree that Uranus and Halley's 
Comet are being disturbed by a trans-Uranian planet 
1836 Texas wins independence from Mexico 
1837 Le Verrier marries; becomes assistant in 
chemistry to Guy-Lussac at École, then 
assistant in astronomy 
Bouvard revises his Uranus tables with 
help of nephew Eugène; Airy dis- 
courages Eugène from attempt to find 
unknown planet 
1839, September 10 Le Verrier's first astronomy publication (on 
variations in planetary orbits) attracts at- 
tention for its clegant mathematics 
1839 First baseball game played 
1839, October Adams enters Cambridge University 
1841, July 3 Adams notes intention of finding the planet 
that is disturbing Uranus after he 
graduates 
1841 Edgar Allan Poe writes first detective story 
1842 Bessel informs John Herschel that he in- 
tends to compute and search for un- 
known planet based on analysis of his 
pupil F. W. Flemming (but Flemming 
dies soon after and Bessel is ill until his 
death in 1846) 
1843, Spring Adams outlines plan to calculate position 
of a trans-Uranian planet to James 
Challis, director of Cambridge Obser- 
vatory; Challis supportive 
1843, October Adams produces preliminary solution, 
confirming existence of exterior planet 
1843 Dickens writes A Christmas Carol 
1844, February 13 Challis obtains new Uranus positions for 
Adams from Airy 
1845, Summer François Arago urges Le Verrier to study 
motion of Uranus 
1845, middle of Adams completes new solution to Uranus 
tember problem, gives summary to Challis, who 
p ‘urges him to send results to Airy; Adams 
plans to deliver them in person on way 
home for vacation 
1845, end of Adams finds that Airy is away in France 
September 
1845, October 21 Adams tries to visit Airy again; Airy is out, 


then at dinner; Adams leaves summary 
of work 
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1845, November 5 Airy replies to Adams work with irrelevant 
question, treats work as assumption; 386, September 23 
Adams discouraged 4 
1845, November 10 Le Verrier presents his first pap 


1845 
1845, June 1 


1846 
1846, June 23 or 24 


1846, June 26 
1846 


1846, June 29 


1846, July 1 
1846, July 2 
1846, July 6 


1846, July 9 
1846, late July 
1846, July 29 
1846, August 12 


1846, August 31 


1846, September 2 


1846, September 10 
1846, September 15 


1846, September 18 


Poe writes "The Raven” 


Mexican-American War begins 


Airy receives Le Verrier's second paper 
and notes that it agrees with Adams" 
prediction to within one degree 

Airy responds to Le Verrier with same ir- 
relevant question he asked Adams; 
doesn't mention Adams! work 


Airy proclaims to Greenwich Observatory 
‘beard that a new planet wil probably be 
discovered soon because of agreement 
between Adams' and Le Verrier's work 

Airy declines Le Verrier's offer 

Airy visits Cambridge; meets Adams by 
‘chance; no discussion of Adams’ work 

Airy visits former professor George 
Peacock, who urges him to begin a 
search 

Airy writes Challis to request search and 
tell him how to do it 

Challis tells Adams of projected search; 
‘Adams provides updated positions; ad- 
vises that planet should show disk 

Challis begins search 

Challis sees Neptune but fails to recognize 
it 


Adams sends Airy his sixth solution to 
problem, incorporating answer to Airy's 
question: Airy away; Adams decides to 
announce his work 

John Herschel predicts imminent 
discovery of a new planet found by its 
effects on Uranus 

Adams tries to present findings at scientific 
conference; finds astronomy session has 
ended because oí schedule change 


ing Uranus’ motion 


Le Verrier presents his. 
‘Uranus, attributing 
motion to an unknown p 


1846, September 24 


1846, September 29 


1846, September 30? 
Le Verrier replies to Airy by pese 
‘question; offers positions if 
duct search 


1846, October 1 


1846, between October 
Land 5 


1846, October 3 
1846, October 5 
1846 
r 1846, October 10 
Le Verrier presents third 
position of disturbing p 
is begun. 1846, October 12 
1846, October 14 
1846, October 16 
Le Verrier writes to Johann. 
Observatory to request a 1846, October 17 


Challis receives Le Verrier's third paper, 
giving position of unknown planet; 
begins to look for disk (idea of Adams" 
he had rejected); finds object with disk 
but doesn't follow up at high 


may 

Challis mentions disk he saw io W. T. 
Kingsley, who asks to see it; when they 
arrive at observatory/lodgings, Mrs. 
Challis insists on serving tea; sky clouds 
over; Challis decides not to search on 
following nights because of bright Moon 

New planet announced in London Times; 
planet visible despite moonlight and 
haze; Challis examines his data and finds 
he saw new planet twice in first four 
days of observing as well as on Sep- 
temper 29 


Herschel announces Adams work 

‘Challis writes. about his search since 
July 29 and his sighting of the new planet 
but omits mention of Adams 


_ France & Germany 


Galle receives Le Verrier's letter; receives 
permission to use telescope; Heinrich 
d'Arrest asks to help; Galle and d'Arrest 
find Neptune after brief search, less than 
‘one degree from predicted position 

Existence of new planet confirmed by its 
motion and disk; Galle notifies Le 
Verrier 

Airy receives news of planet's discovery 
while traveling in Europe 


Le Verrier notifies Galle and other 
astronomers falsely that French Bureau 
of Longitudes has named planet Neptune 
(actually, itis Le Verrier initial choice) 


Le Verrier changes his mind about planet's 
name; urges Arago to propose name Le 
Verrier; Arago agrees if Uranus can be 
changed to Herschel 


‘Famine in Ireland as potato crop fails 


William Lassell discovers large moon of 
Neptune [Pitenj not confirmed unti Ju- 
ly 1847. 

Challis notifies Airy that he saw Neptune 
three times but failed to recognize it 
Airy writes to Le Verrier, mentioning 
Adams’ earlier work but praising Le Ver- 
rieras discoverer because his work was- 
more "extensive""; suggests to Challis 
and Adams that they write the history of 

the search 


Challis’ account of search appears in 
Athenaeum, beginning with Acams fist 
solution in 1843 


Le Verrier angry that his discovery is be- 
ing claimed for Adams (an unknown); 
asks Airy why he and Challis never men- 
tioned him and why Adams is silent. 
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1846, October 19 Paris Academy of Science 
English claims; French press 
series of virulent attacks on Er 
Airy, and Challis 

1845, October 22 Prominent continental x 
that new planet's name 
Neptune 

1846 Sewing machine invented in U.S. 


1846, November 13 


1846, November 30 


1846, late 


1847, June 


1848 


The Discovery of Pluto 


1855, March 13 
1861 
1876 


1883 


1883 

1893 

1893 

1894, June 1 
1905, February 


1905 
1906, February 4 
1906 

1907, September 6 


Royal Astronomical Society holds an in- 
vestigation into Neptune scandal; Airy 
and Challis try to justify their behavior; 
‘Adams presents summary of his work, 
complete with orbit he has computed on 
the basis of Challis’ sightings of Neptune; 
Airy and Challis receive heavy criticism 

Royal Society awards Le Verrier its Copley 
Medal although they know of Adams 
work 

Royal Astronomical Society decides to 
award no prize for 1846 

Adams and Le Verrier meet for first time, 
arranged by Herschel; they form a 
lifelong friendship 

Royal Society awards Adams the Copley 
Medal; Royal Astronomical Society gives 
testimonials to 12 scientists, including 
‘Adams, Le Verrier, and Airy, but none 
to Galle, d'Arrest, or Challis 


Percival Lowell born in Boston 

American Civil War begins 

Lowell graduates from Harvard with bachelor's degree in mathematics; 
a year's travel in Europe, he is employed by his grandfather 

Lowell, now wealthy, leaves his grandfather's company; begins 
the Far East as a travel writer 

“Buffalo Bill" Cody organizes his “Wild West Show” 

‘Lowell returns to Boston to establish an observatory to study Mars and othe 

Dvorák writes his Ninth Symphony ("From the New World") 

Lowell Observatory opens in Flagstaff, Arizona 

Lowell begins sporadic and secret telescopic and mathematical search 
‘Neptunian planet 

Einstein publishes his Special Theory of Relativity 

Clyde William Tombaugh born on farm near Streator, Illinois 


Great San Francisco earthquake 
The photographic survey component of Lowell's first search for a ninth p 
‘unsuccessfully 
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1908, June 10 
1908, November 11 


- 1909, May 


1910, July 

1911, March 13 
1911 

1912, October 


1914 
1915, January 13 


1915 
1916, July 2 


1916 
1916, November 12 


1918 

1919 

1925 

1927 

1928 

1929, January 15 
1929, April 6 
1929, Summer 


1929, October 28 
1930, January 21, 23, and 


29 
1930, February 18 


1930, March 13 
1930, April 12 
1930, May 1 


1930, May 


Lowell, age 53, marries neighbor Constance Savage Keith 

William H. Pickering, using a graphical plot, announces the first of his many predic- 
tions of a trans-Neptunian planet (Planet O); two immediate searches for this planet 
find nothing; Lowell pours new energy into his mathematical anslysis, adopting 
the graphical method 

Lowell calculates position of a ninth planet but does not publish his work or search 
this location; first search for his Planet X ends 

Lowell begins second quest for ninth planet with extensive mathematical analysis 
to guide telescopic search 

‘Second telescopic search for Planet X begins at Lowell Observatory based on Lowell's 
‘mathematical predictions 

Lowell buys blink microscope to facilitate search on photographic plates for ninth 
planet 

Lowell collapses from nervous exhaustion due to mathematical work on trans- 
Neptunian planet; resumes part-time work two months later 

World War I begins 

Lowell publishes his mathematical and observational efforts to find a ninth planet; 
report generates little scientific or public interest 

Continuing Lowell Observatory search for Planet X records Pluto very faintly on 
photographs made on March 19 and April 7; planet goes undetected 

Lowell's second search for trans-Neptunian planet ends without success 

Einstein publishes his General Theory of Relativity 

Percival Lowell, age 61, dies of a stroke at the Lowell Observatory 

World War I ends 

Pickering publishes a new prediction for his Planet O; Milton Humason performs 
two photographic searches at the Mount Wilson Observatory and Pluto is barely 
recorded on four plates but goes unnoticed 

Tombaugh completes high school in Kansas; farms during summers and builds 
telescopes during winters 

A. Lawrence Lowell contributes funds for 13-inch refractor to resume search for 
Lowell's Planet X 

Pickering publishes anew prediction for his Planet O; a Harvard Observatory search 
fails to find it 

Tombaugh arrives at Lowell Observatory to take up duties as an assistant observer 
on a trial basis 

Third search for ninth planet begins at the Lowell Observatory with Clyde W. Tom- 
baugh, age 23, at the telescope 

Tombaugh assumes responsibility for blink comparator use in the Planet X project 
‘because analysis of his photographic search plates is far behind 

U.S. stock market collapses 

‘Trans Neptunian planet photographed by Tombaugh near Delta Geminorum 


Tombaugh, age 24, finds ninth planet while examining January 23 and 29 plates with 
‘blink microscope; Slipher delays announcement to confirm discovery, to begin 
calculation of planet's orbit, and to avoid immediate upstaging by larger 
observatories 

Lowell Observatory announces discovery of trans-Neptunian planet on 75th anniver- 
sary of Lowell's birth and 149th anniversary of the discovery of Uranus 

Lowell Observatory announces provisional orbit for ninth planet and finally releases 
‘additional positions for Pluto 

Lowell Observatory proposes the name Pluto for the new planet, as suggested by 
Venetia Burney, an 11-year-old English schoolgirl 

Tombaugh resumes photographic and blink comparator search for additional trans- 
‘Neptunian-planets (search continues 13 years) 
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1930 
1934 
1936 


1939 
1943 


1950 


1950 
1953 
1955 
1969 
1971 
1976 


1977 
1978, June 


1979, January 21 
1985 

1986, January 24 
1989, August 24 
1989, September 12 
1999, March 14 


Modern Discoveries 
About the Outer Planets 


1948 
1949 
1950 
1950 


1950 
1965 


1969 


Grant Wood paints American Gothic 

Issei Yamamoto (Japan) suggests that Pluto is an escaped satellite of Nept 

Raymond A. Lyttleton (England) suggests that Pluto was a satellite of Neptun 
from the system by a near collision with Triton that caused Triton to as 
retrograde orbit 

World War II begins in Europe 

Tombaugh leaves Lowell Observatory staff for wartime duty as a navigation 
and then a variety of other science and teaching positions 

Measurements by Gerard P. Kuiper with the 200-inch telescope at Pe 
per limit for Pluto's diameter at 3,600 miles (5,900 kilometers} 

Korean War begins 

M. F. Walker and R. Hardie measure Pluto's rotation at 6.39 days 

Tombaugh joins faculty at New Mexico State University 

First man on the Moon 

J. G. Williams and G. $. Benson demonstrate that Pluto and Neptune can 

Infrared observations of Pluto by Dale P. Cruikshank, Carl B. Pilcher, 
Morrison indicate that its surface is covered by reflective methane frost, 
that Pluto is smaller than Earth's Moon 

Voyager 2 launched on Grand Tour of giant planets 

James W. Christy discovers a satellite of Pluto on photographs taken at the Us 
Observatory's Flagstaff station on April 13 and 20 and May 12, 1978; m 
ly named Charon; discovery reconfirms Pluto's small size and provides 
Pluto could not have caused perturbations on Uranus that spurred search 
and Pickering 

Pluto's orbit brings it closer to the Sun than Neptune; will remain closer 

Pluto and Charon begin to eclipse one another as seen from Earth 

Voyager 2 passes Uranus 

Voyager 2 passes Neptune 

Pluto reaches perihelion (its closest approach to the Sun} 

Pluto's orbit returns it to a distance farther from the Sun than Neptune for ik 
228 years 


Discovery of Miranda, fifth moon of Uranus, by Gerard P. Kuiper 

Discovery of Nereid, second moon of Neptune, by Gerard P. Kuiper 

Existence of vast spherical cloud of comets surrounding the solar system 
Cloud) is proposed by Jan H. Oort (a similar proposal was made by 
in 1932] 


Comets as accretions of ice and dust-sized rock particles ("dirty snowballs") Ẹ 


by Fred L. Whipple 

Korean War begi 

Gary A. Flandro discovers method of reaching the outer planets through: 
gravitational assists—the Grand Tour concept 


First man on Moon 
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1971 
1972, March 2 


1972 
1973, April 5 


1973, November 3 


1973, December 3 
1973 


1974 
1974, December 2 
1975 
1975 
1976 
1976 
1977 
1977 


1978, June 22 
1979, January 21 


1979, March 5 
1979, July 9 

1979, September 1 
1980, November 12 


1981, April 12 
1981, August 25 


1984 
1985 
1986, January 24 


1986, January 28 
1987 

1989, August 24 
1989, September 12 
1990, October 


1999, March 14 


NASA's plan for Grand Tour mission to Jupiter, Saturn, Uranus, and Neptune is 
canceled as NASA budget shrinks and Space Shuttle requires more funds 

NASA's Pioneer 10 launched toward Jupiter; will use the gravity of Jupiter to ac- 
celerate out of the solar system 

NASA funds two Mariner Jupiter-Saturn (later Voyager) gravity-assist missions to 
replace Grand Tour project 

NASA's Pioneer 11, the first mission to use a gravity assist to reach an outer planet, 
launched toward Jupiter; uses Jupiter's gravity to accelerate on to Saturn 

NASA's Mariner 10 is launched to Venus and Mercury; becomes the first mission 
to employ gravity assist by using the gravity of Venus (February 5, 1974) to slow 
spacecraft so that it falls sunward for three encounters with Mercury (beginning 
March 29, 1974) 

Pioneer 10 becomes the first spacecraft to reach Jupiter 

NASA begins preparation for a third Voyager gravity-assist mission to Jupiter and 
Uranus 

Worldwide inflation 

Pioneer 11 passes Jupiter and acquires gravitational boost toward Saturn 

Voyager 3 mission to Jupiter and Uranus canceled 

‘Methane and nitrogen discovered on Triton 

Methane ice detected on surface of Pluto 

A Chorus Line opens on Broadway 

Rings of Uranus discovered by James Elliot and colleagues 

Voyager 2 (August 20) and Voyager 1 (September 5; on a shorter flight path) are 
launched toward Jupiter for gravity assist to Saturn; Voyager 2's launch is timed 
to allow a Grand Tour mission on to Uranus and Neptune if Voyager 1 succeeds 
at Jupiter and Saturn 

Charon, moon of Pluto, discovered by James W. Christy 

Pluto crosses inside orbit of Neptune, passing 8.9 astronomical unitsabove Neptune's 
path, leaving Neptune as the outermost planet for 20 years 

Voyager 1 passes Jupiter; discovers its ring system 

Voyager 2 passes Jupiter 

Pioneer 11 becomes the first spacecraft to reach Saturn 

Voyager 1 successfully passes Saturn; Voyager 2 able to undertake Grand Tour mis- 
sion on to Uranus and Neptune 

First Space Shuttle launch 

Voyager 2 passes Saturn and acquires gravitational boost on to Uranus, continuing 
hopes for four-planet Grand Tour 

Partial ring system of Neptune detected 

Pluto and Charon begin to eclipse one another as seen from Earth 

Voyager 2 becomes the first spacecraft to reach Uranus; acquires gravitational boost 
on to Neptune 

Space Shuttle Challenger explodes shortly after launch, killing crew of seven 

Water ice discovered on Charon 

Voyager 2 becomes the first spacecraft to reach Neptune 

Fluto reaches perihelion (closest approach to the Sun): 29.6 astronomical units (2.75 
billion miles; 4.43 billion kilometers} 

Pluto and Charon no longer eclipse one another as seen from Earth; next eclipse season 
will begin about 2109 T 

Pluto crosses 6.1 astronomical units above the orbit of Neptune outbound to resume 
its usual role as the outermost planet 
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The Search for a Tenth Planet 


1929 to 1943 


1942 


1946 
1950 


1954 


1957 
1959 


1972 
1975 


1977 to 1984 


1977 


1979 


1985 


1987 


1987 


1988 


Clyde Tombaugh surveys the entire sky as seen from the Lowell Ob; 


Arizona with a 13-inch (33-centimeter] refractor and a blink comparator ins 


of trans-Neptunian objects (Pluto, the ninth planet, is discovered in Ik 

Robert S. Richardson |U.S.] proposes a tenth planet at 36 astronomical ur 
plain the delay of Halley's Comet in reaching perihelion 

M. E. Sevin (France) predicts a tenth planet at 78 astronomical units 

K. Schuette (West Germany) proposes a tenth planet at 77 astronomical u 
‘on comet orbits 

H. H. Kritzinger (West Germany) refines Schuette's work and predicts ate 
at 65 astronomical units 


(Schuette's original distance 

Joseph L. Brady (U.S.] predicts a tenth planet at 60 astronomical units in a 
orbit with a mass 285 times that of Earth 

Gleb Chebotarev (Soviet Union) predicts two undiscovered planets at 
astronomical units based on an analysis of comet orbits 

Charles T. Kowal conducts a systematic search 15 degrees on either side of 
for undiscovered bodies in the solar system using Palomar Obses 
(122-centimeter] Schmidt Telescope and a blink comparator 

Kowal discovers Chiron, about 150 miles (250 kilometers) in diameter, 
most asteroid known, with perihelion inside the orbit of Saturn (8.5: 
units) and aphelion inside the orbit of Uranus (18.9 astronomical units}. 
coverage treats it as a tenth planet 

Robert S. Harrington and Thomas C. Van Flandern (U.S.) propose a ter 
("Humphrey") in a highly inclined and eccentric orbit at a distance 
astronomical units, a period of about 800 years, and a mass of 2 to 5 
plain the remaining irregularities in the motion of Uranus and Neptune, 
orbits of Neptune's moons, and the anomalous orbit of Pluto. H 
mences a search for the suspected planet 

Daniel P. Whitmire and John J. Matese (U.S.] propose a tenth planet to exp 
mass extinctions on Earth due to comet showers; planet orbits at al 
astronomical units with substantial ellipticity and inclination and a. 
5 Earths 

John D. Anderson (U.S.] analyzes Pioneer 10 and 11 spacecraft 


evidence of perturbations by a tenth planet; finds none but concludes thata 


planet must exist ina highly inclined orbit to account for the dis 
motion of Uranus and Neptune 

Conley Powell (U.S. predicts the position of a tenth planet in a nearly ci 
inclination orbit on the basis of a mathematical analysis of the Urant 
Edward Bowell at the Lowell Observatory directs a search of Tomb 
for the object, but nothing is found 

Thomas J. Chester and Michael Melnyk (U.S.) complete a two-year rev 
ages from the Infrared Astronomical Satellite (IRAS) covering one-tent 
in search of a tenth planet; they eventually plan to search one-half of 
ject is part of a search for substellar objects in the solar neighborhood 


APPENDIX B 


Voyager 1 and 2 


Spacecraft Data 


and planet Interstellar mission 

unter data supplied data supplied by 
ew ieee Robert J. Cesarone 
Voyager Mission Planning Office Voyager Navigation Team 
Po ce nen Sit eeke 


Voyager 1 and 2 
Total Weight 1,817 pounds (824 kilograms} 
Scientific Payload 232 pounds (106 kilograms) 
Height of Spacecraft 12 feet (3.7 meters} 

Width of Receiver/Transmitter Dish 12 feet (3.7 meters} 
Maximum Spacecraft Width with 


Booms Extended 57 feet (17.3 meters) 
Launch Vehicle ‘Titan-Centaur 
Voyager 1 Voyager 2 
Launch September 5, 1977 August 20, 1977 
(Voyager 2 lifted off before 


Voyager 1 but traveled a 
longer, slower path) 


Jupiter Encounter 


Closest approach March 5, 1979 July 9, 1979 
Distance from center of 
planet 216,790 miles 448,425 miles 
(348,890 kilometers) (721,670 kilometers] 
Distance from cloud tops ^ 172425 miles 404,060 miles 
(277,490 kilometers) ^ — (650,270 kilometers] 
Distance from Earth 422 million miles 579 million miles 


(679 million kilometers) {932 million kilometers] 
Time for radio signal to 
reach Barth 37.7 minutes. 51.8 minutes 
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Voyager 1 o 
Saturn Encounter Spacecraft Instrumentation 
peus Fuse es of November 12, 1980 
jistance from center 
il Science Instruments. Data Sought 
pen Med EN M Cameras (2) Color and black-and-white (high-resolution) 
Distance from cloud tops 77,160 miles images of planets, moons, and rings; search. 
(124,175 kilometers] ^ for new satellites andrings —— — 
Distance from Earth 948 n miles Photopolarimeter Size and composition of particles in rings and 
(1.52 billion kilometers) atmospheres 


Closest approach 
Distance from center of 
planet 


Distance from cloud tops 
Distance from Earth 


Time for radio signal to 
reach Earth 

Neptune Encounter 

Closest approach 

Distance from center of 
planet 


Distance from cloud tops 
Distance from Earth 


Time for radio signal to 
reach Earth 
Interstellar Mission 


Direction headed after last 
encounter 


Asymptotic velocity 
First stellar encounter 
Encounter distance 


Present location of 
‘encounter star 


1 hour 25 minutes 


-none- 


^none- 


Ophiuchus, the 
Serpent Bearer 
37,000 miles per hour 
(16.6 kilometers 
per second] 
AC+79 3888 
in 40,272 years 
1.6 light-years 
Camelopardalis, the 
Giraffe 


Infrared Interferometer 
‘Spectrometer and 
Radiometer 

Ultraviolet Spectrometer 


 Magnetometers (3) 


Cosmic Ray Detector 

Plasma Detector 

Plasma Wave Detector. 

Low-Bnergy Charged Particle 
Detector 

Planetary Radio Astronomy 

Radio Transmissions 


Composition and temperature of atmospheres; 
composition and temperature of moon 
surfaces 

Atmospheric composition; size and composition 


jarge pari osphere) around 
Charged particles (magnetosphere) aroun¢ 
planet 


Charged particles from other stars 
particles around planet. 

Charged particles around planet 

Charged particles (magnetosphere) around 
planet; tiny ring particles 

‘Tiny ring particles; magnetic fields 

Composition and structure of atmosphere and 
rings 


APPENDIX C 


Solar System 
Statistics 


Orbital Data for Flanets 


Mean Distance from Sun Period of Revolution. 

Miles Kilometers  Synodic Inclination 
Pane! Astronomical Units (in millions) Sidereal (days) Eccentricity (degrees) 
‘Mercury 039 360 87.9 8797days 116 0.206 70 
Venus 072 672 — 1082  22470days 584 0.007 34 
Earth 1.00 93.0 149.6 36526 days = 0.017 0.0 
Mars 1.52 141.5 227.9 686.98 days 780 0.093 18 
Jupiter 5.20 4333 778.3 11.86 years 399 0.048 13 
Saturn 954 886.2 14270 29.46 years 378 0.056 25 
Uranus 19.18 17820 2869.6 8401 years 370 0.047 08 
Neptune 30.06 27924 4496.6 16479 years 367 0.009. 18 
Pluto 39.44 3663.8 — 5899.9 247.69 years 367 0.250 172 
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Physical Data for Sun, 
Moon, and Planets 


gustaria Diameter Mass Mean Density Surface 
Object les Kilometers (Earth =1) (water=1) (Earth. 
Sun 865,000 1,392,000 332,946.0 141 

Mercury 3,031 4,878 0.055. 543 

Venus 7,521 12,104 0.815. 5.24 

Earth 7,926 12,756 1.000 5.52 

Mars 4217 6,787 0.107 3.94 

Jupiter 88,700 142,800 317.833. 133 

Saturn 74,600 120,000 95.159. 0.70 

Uranus 31,800 51,200 14.500 1.30 

Neptune 30.770 49,520 17.131 1.64 

Pluto 1,457 2,345 0.002 2.00 

Earth's Moon 2,160 3,476 0.012 3.34 

——Ascape Speed — Inclination of 
Miles Kilometers Rotation Period Equator to Orbit 
Object. Bersecond per second (days) Oblaten (degrees) 

‘Sun 383.7 617.5 25! o = 

Mercury 27 43 58.65 0 0.0 

Venus 6.5 10.4 243.02 0 177.3 (retrograde) 
Earth 7.0 11.2 1.00 1/298 23.4 

Mars 34 50 1.03 1/193 252 
Jupiter 37.0 59.6 0.412 ins 3.1 
Saturn. 22.1 35.6 0.44 1/9 26.7 

Uranus 13.2 21.3 0.72 1/45 97.9 [retrograde] 
Neptune 148 23.8 0.67. 1/40 29.6 
Pluto 0.7 12 6.39. (0) 94.0 (retrograde) 
Earth's Moon 15 24 27.32 o 6.7 


‘Varies from 25-35 depending on latitude. 
At equator; slower toward poles. 


Number of 
Maximum Atmospheric Pressure Confirmed 
‘Surface Atmosphere at Surface ‘Moons 
Planet ‘Temperature (major constituents) [Earth « 1]. . 1989) 
Mercury 800°F negligible negligible o 
(430°C) 
Venus 900°F CO, N; 90 o 
(480*C] clouds of H,SO, & H,O 
Earth — 136*F Nz, Oa A 1 1 
(58°C) clouds of H,0 
Mars 80°F CO, Na, A 0.007 a 
(28°C) clouds of HO & CO, a 
Jupiter -260°F H, He, CH, NH,, HO 
im (-160°C) clouds of NH, NHSH 
cloud tops (ammonium hydrosul- 
fide), & H,O - 
Saturn ~290°F H, He, CI 
{-180°C) clouds of NH,, NH,SH 
cloud tops [ammonium hydrosul- 
fide), & HO 
Uranus — -357°F H, He, CH, 15 
{-216°C) clouds of CH, 
cloud tops 
Neptune -353°F H, He, CH, 8 
{-214°C) clouds of CH, 
cloud tops 
Pluto -370F CH, (very tenuous} 1 
(-223*C] 
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" Mean Distance Period of Inclination 
Orbital Data for Moons eee gl Bes 
Miles Kilometers {days} Eccentricity (degrees) 
‘Mesh Distance Period of 235,000 378000 — 2737 0.002 0.02 
———— Revolution 235,000 378,000 2737 0.005 02 
Name Miles Kilometers (days) Eccentricity ne (XU) the leading Lagrangian Point (L4) of Dione's orbit) 
526,000 — 4517 0.001 04 
1,221,000 15.945 0.029. 0.3 
238,900 384,500 27.32 (sidereal) 0.055 1481000 21276 Dior 24 
29.53 (synodic} h 3,561,000 — 79331 0.028 14.7 
12,960,000 550.46 0.163 150 (retrograde) 
5,840 9,400 0.319 0.015. 
14,600 23,500 1,263 0.001 n 30,900 49,700 0,333 =O) -0 
Satellites of Jupiter Epsilon Ring shepherd) 
= (vi) 33,400 53,800 0.375 E -0 
Metis [XVI 79,500 128000 — 0294 Epsilon Ring shepherd) 
Adrastea (XV) 80,000 129,000 0.297 3 36,800 59200 — 0433 -0 -0 
Amalthea [V] 112,000 180,000 0.498 38,400 61,800 0.463 -0 -0 
Thebe (XIV) 138,000 222,000 0.674. OM 38,900 62,600 0.475 ~0 =) 
To (I) 262,000 422,000 1.769 40,000 64,400 0.492 -0 =D, 
Europa (11) 417,000 671,000 3.551 41,100 66100 0.513 -0 -0 
Ganymede (III) 665000 — 1070000 ^ 7.155 43,500. 70000 ^ 0558 -0 -0 
Callisto (IV) 1,171,000 1,885,000 16.689 46,800 75,300 0.621 -0 -0 
Leda (XIII 6,698000 — 11110000 240 53400 86,000 0.763 sq xo: 
Himalia (VI) 7,127,000 11470000 251 80,700 129,900 1.413 0.017 34 
Lysithea (X] 7276000 11710000 260 118,600 190,900 2.251 0.008 o 
Elara (VIIJ 7295000 11740000 260 165,300 266000 —— 4146 0.004 o 
Ananke (XII) 13173000 21200000 631 271,100 436,300 8.704 0.002 0 
Carme (XI) 13,888,000 — 22350000 ` 692 362,500 583400 13.463 0.001 0 
Pasiphae (VIII) 14,497,000 23,330,000 735 
Sinope (IX) 14821000 23370000 758 dido". "zw $ ö 
29,800 z 5 Es) < 
Satellites of Saturn 31,100 50,000 0.313 -0 -0 
Atlas (XV) 85.100 137,000 0.601 .002 32,600 52,500 0.333 -0 ^P 
Prometheus (XVI) 86,400 139000 0.613 0.002 38,500 62000 0.429 -0 -0 
Pandora (XVII) 88,200 142,000 0.628 0.004. sa (1989N2] 47,500 73,600 0.554 -0 50) 
Janus (X) 93,800 151,000 0.695 0.009. 73,100 1760 — 112 -0 -0 
(cootbital satellite with Epimetheus) 220,500 354,800 5.875 0.00 157 (retrograde] 
Prot ile with jes” ee BE po 3,426,000 5,313400 360.13 0.75 20 " 
Mimas (I) 116,000 187,000 0.942 0.020. 
Enceladus (11) 148,000 238,000 1.970 0.004 12,400 20,000 6.387 cu T 
‘Tethys (II] 183,000 205000 1.888 0.000. 
Telesto (XII) 183,000 295000 1.888 ~0 sred . 
(librates about the trailing Lagrangian Point (L5) of Tethys’ orbit] i co e cock plane's Satelite inorder from closest to farthest for ease of reference. Thus To is Jupiter T- 
Calypso (XIV) 183,000 295,000 1.888 -0 nt of this system has been disrupted by more recent satellite discoveries. 


llibrates about the leading Lagrangian Point (L4) of Tethys' orbit} is, the seventh satellite of Uranus to be discovered in 1986. 
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: Mass 
? I D t fe M : Diameter. Earth's Density 
lysica ata for Moons Mies Kilometers ^ Moon=1) — (water=1) Albedo Discovery 
M 695 1,120 0.014 14 0.6 G. Cassini, 1684 
; fass, : 20 30 06 P. Laques, J. 
Eragon as ai Men. 7 bout leading Lagrangian Point (L4] of Dione's orbit] Lecacheux, 1980 
Box 1,530 0.034 43 0.6 G. Cassini, 1672 
" 5,150 1.83 1.88 0.2 C. Huygens, 1655 
Satellite of Earth. 255 03 W. Bond, G. Bond, W. 
Moon 2,160 3476 [734.9x 10” kg] 334 oar Lassell, 1848 
TN 905 — 1460 0.026 12 008 — G. Cassini, 1671 
vx. rem n a 15:15 2 220 0.05 W. Pickering, 1898 
iobos. «8x107 = 007. 
Deimos 7 12 24x107* -2 0.07 
S diac 25 ~0.07 Voyager 2, 1986 
Metis (XVI (25) (40) (0.05) 30 ~0.07 Voyager 2, 1986 
Adrastea (XV) ası (25) (0.05) 
40 Voyager 2, 1986 
Amalthea [V] 106 170 0.05. 60 Voyager 2, 1986 
Thebe (XIV) 460] (100) (0.05) 55 Voyager 2, 1986 
to (I) 2260 3630 12 355 — 06 85 Voyager 2, 1986 
Europa (Il) 1950 — 3140 0.66 304 — 06 B Voyager 2, 1986 
Ganymede(H) 3,270 ^ 5260 208 199 — Q4 55 Voyager 2, 1986 
Callisto (IV) 2980 4,800 1.46 1.83 02 65 Voyager 2, 1986 
iae [S pa E. 155 Voyager 2, 1985 
ja j 485 0.001 13 G. Kuiper, 1948 
Lysithea (X) (20) (35) 1,160 0.018 17 W. Lassell, 1851 
Elara (VII) 45 75 0.03 1,190 0.017 14 W. Lassell, 1851 
Ananke [XII] (20) (30) 1,610 0.047 16 W. Herschel, 1787 
Carme (XI) (25) (40) 1,550 0.040 15 W. Herschel, 1787 
Pasiphae (VIII) (30) (50) 
Sinope (IX) (20) (35) 
-54 -0.06 Voyager 2, 1989 
aul E Saturn sj 3 4 ~80 ~0.06 Voyager 2, 1989 
~180 ~0.06 Voyager 2, 1989 
Prometheus [XVI] 60 100 06 ~150 0.054 Voyager 2, 1989 
~190 0.056 Reitsema, Hubbard, 
Pandora (XVII) 55 90 05 "Lebolsky, Tholen, 
1981; Voyager 2, 
Janus (X) 120 190 03 1989 
{coorbital satellite with Epimetheus) 400 0.06 ^ Voyager 2, 1989 
peor] "m i iih Ja j 120 us 2,708 0.293 21 O8 W. Lassell, 1846 
[coorbital satellite with Janus i 
0.14 G. Kuiper, 1949 
Mimas (1) 240 390 52x10-* 12 08. 350 iper, 
Enceladus (Il) 310 500 ~ 0001 14 10 
Tethys (111) 660 — 1060 0010 12 [3 775 — X50 0.03 ~2 034 J. Christy, 1978 
Telesto (XTT) id 25 02 ‘aticmpt to number each planet's satellites in order from closest to farthest fc f refer Thus lo is Jupiter I 
e " 25d ; 2 sd umber each planet's satellites in order from closest to farthest for ease of reference. Thus Io is Ju 
EN the Ex depen Point (L5) of Tethys’ orbit] he intent of this system has been disrupted by more recent satelite discoveries. 


(librates about the leading Lagrangian Point (L4] of Tethys’ orbit) 


the sith satelite of Neptune to be discovered in 1989. 
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pgow Lightin the upper atmosphere caused by solar 

radiation exciting atmospheric gases. 

pedo The fraction of light that an object reflects. 

jude In astronomy, an angular measurement of 

tion from the horizon upward. The zenith (the point 

overhead) hasan altitude of 90 degrees from a level 

horizon. 

eure Thediameter of the primary lens in a refract- 
ing telescope or the primary mirror of a reflecting 
telescope that defines the instrument's light- 

ing power. 

The point in an object's orbit around the Sun 
at which it is farthest from the Sun. (At this point, 
the object is traveling at its slowest speed.) 

papsis The point in its orbit at which a body is far- 
thest from the center of attraction. 
One of the points in an object's orbit at which it 
is closest or farthest from the object it is orbiting. 
[Periapsis is the closest point; apoapsis is the 
farthest.) 
geroid A planetlike body in the solar system too small 

tobe classified as a planet. Most asteroids (or minor 

planets) orbit the Sun between Mars and Jupiter in 

‘a region called the asteroid belt. 

onomical unit (AU) A unit of measure in astronomy 
‘approximately equal to the average distance between 
the Earth and Sun: 92.96 million miles (149.6 million 
kilometers). Uranus, for example, is 30.1 
astronomical units from the Sun. 

ote The limiting value toward which a curve 
‘may tend. (A spacecraft traveling out of the solar 
system with escape velocity will continue to be 
slowed by the Sur's gravity, but less and less as its 
distance increases. Its velocity decreases toward but 
never reaches an asymptote.) 

Light radiated in the upper atmosphere in the 
region of a planet's magnetic poles because the 
atoms and molecules there are struck by charged 
particles from the Sun diverted toward the magnetic 
poles by the planet's magnetic field. 


uth An angular measurement of position along the 


horizon, usually starting from north and moving 
clockwise. East is azimuth 90 degrees. 

binary star Two stars revolving around one another. 

black hole An object so dense that its gravity prevents 
light from escaping. 

Bode's Law A numerical sequence that gives approx- 
imate planet distances from the Sun in astronomical 
units. (It fails for Neptune and Pluto) This approx- 
imation was discovered by Johann Daniel Titius and 
popularized by Johann Elert Bode. 

brown dwarf A celestial object with a mass slightly too 
low to initiate and sustain a nuclear reaction at its 
core and thereby make it a star. 

charge-coupled device (CCD) A type of silicon wafer 
designed for the detection and measurement of light. 

clathrate A molecular compound in solid form (such as 
water) in which molecules of another compound 
(such as methane) are trapped, but not chemically 
bound, in its cavities or cagelike crystals. 

comet An object in orbit around the Sun composed of 
dust embedded in frozen gases. 

conjunction (1) When a planet is in line with the Sun 
as seen from Earth; (2) when two or more planets 
appear to be very close together in ihe sky. 

constellation A region of stars given a name to aid in 
remembering that star field. 

dayglow Fluorescence of hydrogen atoms in the upper 
atmosphere on the sunlit side of a planet. This 
ultraviolet glow was discovered by the Voyager 
spacecraft at Jupiter, Saturn, and Uranus. Its cause 
is uncertain. 

declination The angular distance of a celestial object 
measured north or south of the celestial equator. 
(Declination in astronomy corresponds to latitude 
in geography. i 

density The mass of an object divided by its volume. 

differentiation In an astronomical body, the separation 
of different kinds of materials from their original 
mixed state into different layers. 

direct motion The gradual eastward apparent motion 
of a planet as seen from Earth. 
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Doppler Effect The apparent change in wavelength of 
radiation (or sound) due to relative motion between 
the source and the observer along the line of sight. 
If source and observer are receding from one 
another, the wavelength is lengthened (redshifted). 
If the source and observer are approaching one 
another, the wavelength is shortened (blueshifted). 

eccentricity (of an orbit) A measure of the elongation 
of an ellipse, defined as the distance between the foci 
divided by the major axis. 

ecliptic The plane of the Earth's orbit around the Sun, 
hence also the apparent path of the Sun through the. 
star field (constellations of the: zodiac] in the course 

. of one year as the Earth revolves around the Sun. 
ellipse A closed geometrical figure formed when a plane. 
(flat surface) cuts through a cone at an angle but does. 
not cut through the base of the cone. Planets, 
asteroids, end comets orbit the Sun in ellipses. 
electroglow (See dayglow) 

electromagnetic radiation Radiation emitted when an 
electron falls toa lower energy level within an atom 
or molecule. Electromagnetic radiation travels at the 
speed of light and may be of any wavelength. From 
shortest wavelength (highest energy; highest fre- 
quency] to longest wavelength (lowest energy; lowest 
frequency], electromagnetic radiation includes: gam- 
marays, X-rays, ultraviolet light, visible light, infra- 
red light (heat), and radio waves. 

ephemeris (plural, ephemerides) A listing that gives a 
celestial object's calculated positions for various 
times. 

equatorial mount A mounting for a telescope in which 
one axis points toward the celestial pole and the 
other axis is perpendicular to it so that a star or planet 
can be tracked by rotating around only one axis to 
compensate for the rotation of the Earth. 

fluorescence The process in which a gas absorbs and 
then emits light. The emission of electromagnetic 
radiation (usually visible light but also gamma rays, 
X-rays, ultraviolet light, infrared light, or radio 
waves) by a substance that has absorbed energy of 
a shorter (higher-energy) wavelength. 

Galilean satellites The four brightest (and largest 
satellites of Jupiter: Io. Europa, Ganymede, and 
Callisto. Galileo discovered these satellites in 1610. 

giant planets Jupiter, Saturn, Uranus, and Neptune. 

gaba A depressed segment of crust bounded on at 
st two sides by faultsand generally much longer 
than it is wide. rie Rl : 
grandtour In astronautics, a spaceflight that uses gravity 
assists to reach more than two bodies, 


gravitation The attraction of matter 
to the mass pae ; 
gravitational assist The use of a 
(such as planet] to change 
of a passing spacecraft to rez 
minim x expenditure of 
gravitational assists from J 
and Neptune) Gravity assi 
Comets sometimes receive , 
Jupiter and are accelerated out o 
heliopause An envelope around: 
the Sun's magnetic field is dom 
which interstellar fields dominat 
hydrocarbon compounds he 
consisting of only hydrogen. 
is the simplest h 
inclination of equator The tilt of the 
astronomical body with. respect 
orbit. A 
inclination of orbit The tilt of 
astronomical body with res 
of another body. 
infrared radiation Electroma, 
wavelengths longer than vis 
than radio waves. Infrared. 
(heat). i 
invariable plane The mean plane o 
(It is inclined about 1.6 degrees 
ionize Tomake an atom electrically 
or gain of one or more 
Jovian Relating to the planet 
Kepler's laws The three laws 
Kepler that describe plan 


a planet is near the Sun, it tr 
itis far from the Sun; (3) the 
around the Sun, the slower: 
longer its revolution takes, 
Lagrangian Points When two 
around each other in circular 
points that lie in the plane of 
where a third body of negli 
in equilibrium with respect to 
latitude, celestial The angular 
ject measured north or south 
Jeast-energy trajectory In astron 
one location to another that 
with the destination at one apsis 
point at the other. Such a 
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minimum of energy (propellants) to accomplish the 
journey. (Same as orbital transfer trajectory.) 
year A measure of distance in astronomy equal to 
Mhe distance light travels in a year (approximately 
1588 trillion miles; 9.46 trillion kilometers; 63,240 
astronomical units). 
‘tude, celestial The angular distance of a celestial 
P bject measured castward from the vernal equinox 
along the ecliptic. 
tometer An instrument for measuring magnetic 
intensity- 
tosphere The region around a celestial body 
“where its magnetic field dominates over the 
magnetic fields of surrounding bodies. 
vgenitude A measure of brightness in astronomy. The 
lower the magnitude number, the brighter the ob- 
ject. A star with apparent magnitude + 1.0 is approx- 
imately two and a half times brighter than a star with 
apparent magnitude +2.0. 
n Average (as in mean plane of the solar system or 
‘mean distance) 
pridan A giant circle in the sky that passes through 
the north and south points and the observer's zenith 
so that it divides the sky into eastern and western 
halves. 
‘ninor planet A planetlike body in the solar system too 
small to be classified as a planet. Most minor planets 
(or asteroids} orbit the Sun between Mars and 
Jupiter. 
"ebua A celestial cloud of gas and dust. 
aeutrino An elementary subatomic particle with no 
-electrical change and no (or very little] mass. 
je A point along the orbit of an object where it 
‘crosses a reference plane. In the case of a planet, its 
ascending node is where it crosses the plane of the 
Earth's orbit (ecliptic) going north. Its descending 
node is where it crosses the plane of the Earth's or- 
bit going south. 
occultation The blocking of the light of a celestial body 
by another celestial body usually of much larger ap- 
parent size; an eclipse of a star or moon by a planet. 
Dort Cloud or Gpik-Oort Cloud A spherical swarm of 
trillions of comets surrounding our solar system. The 
Cort Cloud is now thought to be composed of a pri- 
mordial inner disk beyond Pluto that liesin the plane 
of the solar system and an outer spherical cloud of 
‘comets scattered from the inner disk. 
opposition When a planet is on the opposite side of the 
Earth from the Sun. 
orbital transfer trajectory In astronautics, a flight path 
from one location to another that is a portion of an 


ellipse with the destination at one apsis and the 
departure point at the other. Such a trajectory re- 
quires a minimum of energy (propellants) to ac- 
complish the journey. (Same as least-energy 
trajectory.) 
organic chemical A chemical compound in which car- 
bon is present. 
periapsis The pointin its orbit at which a body is closest 
to the center of attraction. 
perihelion The point inan object's orbit around the Sun 
at which it is closest to the Sun. (At this point, it is 
traveling at its fastest speed.) 
perturbation Deviation from the expected orbital mo- 
tion of a celestial body. 
photometer Aninstrument that measures light intensity. 
photometry The measurement of light intensity. 
photopolarimeter An instrument that measures light in- 
tensity and the amount that light is polarized, 
Polarization is a condition in light whereby the 
transverse vibrations of the rays assume different 
forms in different planes. 
planetesimal One of numerous small solid bodies that 
existed at an early stage of solar system development 
from which the planets, moons, and asteroids 
formed. Comets are thought to be representative of 
the icy planetesimals that existed in the outer solar 
system. 
planetoid Another name for a minor planet (or asteroid). 
polymerization A chemical reaction in which small 
molecules combine to form larger molecules of 
repeating structural units. 
precession, orbital The slow rotation of the axis of an 
orbit in the plane of that orbit. 
quasar An astronomical object with an extremely large 
redshift, interpreted as a very distant object that is 
pouring out vast quantities of energy. It is thought 
that quasars are the nuclei of young galaxies. The 
name quasar isan abbreviation of its appearance to 
optical or radio telescopes as a quasi-stellar object 
or a quasi-stellar radio source. 
reflecting telescope (reflector) A telescope that uses a 
mirror to gather light and direct it to a focus. 
refracting telescope (refractor) A telescope that uses a 
lens to gather light and direct it to a focus. 
residuals The differences between the results obtained 
by observation and by computation from a formula. 
resolution In astronomy, the ability of an optical system 
to distinguish two objects or features on an object 
from a distance. 
resonant orbits Orbits where objects revolving around 
the same center of attraction have periods that are 
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in simple integer number relationship to one another 
(1 to 2; 2 to 3) so that the bodies always pass one 
another at the same points along their orbits. 

retrograde motion The apparent backward (westward) 
motion of a planet in the star field as seen from Earth 
due to the Earth catching up with and passing that 
planet. 

retrograde revolution The revolution of an object 
around the Sun in a direction opposite to the planets, 
or the revolution of an object around a planet in a 
direction opposite to the planet's rotation. 

retrograde rotation The rotation (spin| of an object on 
its axis opposite to its orbital motion. 

revolution The motion of one object around another. 
The Earth revolves around the Sun in one year. 

right ascension The angular distance of an object 
measured eastward from the vernal equinox along 
the celestial equator. (Right ascension in astronomy 
corresponds to longitude in geography.) 

Roche Limit The distance from the center of an 
astronomical body within which that body's tidal 
forces will prevent the formation of a satellite and 
will tear apart a large satellite that ventures within 
that zone. 

rotation The spin of a body on its axis. The Barth rotates 
once every 24 hours. 

scarp A line of cliffs produced by faulting or erosion. 
A fault scarp is a cliff or escarpment directly 
resulting from an uplift along one side of a fault. 

seeing The steadiness of the Earth's atmosphere asit af- 
fects the resolution that can be obtained in 
astronomical observations. 

selenography The science of the physical features of the 
Moon. (From Seléné, Greek goddess of the Moon.) 

shortperiod comet A comet with an orbital period of 
less than 200 years. 

solar wind Fast-moving charged subatomic particles 
flowing outward from the Sun. 

spectrogram A photograph of a spectrum. 

spectrograph An instrument for photographing a 
spectrum. 

spectrometer An instrument for electronically measur- 
ing a spectrum. 

spectroscope An instrument for viewing a spectrum. 

spectroscopy The study of spectra. 

spectrum The array of colors or wavelengths obtained 
when light from an object is dispersed as it passes 
through a prism or diffraction grating. By examin- 


ing a spectrum, scientists can tell 
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material that lies between 
observer. 

speculum metal A shiny metal all 
mirrors of reflecting telescopes, 
usually copper and tin, s 
arsenic, antimony, or zinc 
whiteness. This type of mirror: 
it became possible to coat glass; 
tive surface. 

sublimation In chemistry, the p 
solid to a gas without 
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